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Q (57) Abstract: The present invention relates to an apparatus lor classifying and/or ablating tissue. By directing microwave radiation 
^ through a probe (5) into tissue (6) and detecting the amplitude and phase of radiation reflected back through the probe and a reference 
signal, the tissue type can be classified. An impedance tuner which is actuated by magnetostrictive material (800) is also disclosed. 
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Tissue Detection and Ablation Apparatus and Apparatus and 
Method for Actuating a Tuner 

TECHNICAL FIELD 

5 The present invention relates to an apparatus which 

uses microwave radiation to detect and classify tissue 
into one or more types or states and/or ablate the 
tissue. It also relates to an actuation device and 
method for actuating a tuner for use in such an 
10 apparatus. In this specification microwave means the 

frequency range from 5GHz to 60GHz inclusive. Preferably 
14-lSGHz is used, but the present invention is not 
limited to this narrower range. 

15 BACKGROUND TO THE INVENTION 

International application PCT/GB2003/005166 filed on 
27 November 2003, disclosed a tissue ablation apparatus 
having a tuning circuit for matching the impedance of the 
apparatus with that of the tissue being ablated to 

20 perform efficient energy transfer into the tissue and 

minimise heating of the apparatus. One version of the 
apparatus is shown in Fig. 1. 

As shown in Fig. 1 the apparatus has a stable source 
25 of microwave radiation 1 connected to an ablation probe 

5, for directing the microwave radiation into tissue, via 
a triple stub tuner 50 having an adjustable impedance. 
The apparatus achieved the impedance matching by varying 
the impedance of the triple stub tuner 50 on the basis of 
30 the detected phase and magnitude of a signal reflected 

back through the ablation probe 5 and directed to a 
detection arrangement 220, 240, 270 by a directional 
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coupler 200. It was necessary to detect both the 
magnitude and phase of the reflected signal, so that an 
accurate impedance adjustment could be made. This was 
achieved by mixing the reflected signal with a signal 
from a local oscillator 270 in a mixer 220, so that the 
phase and magnitude could be provided at the detector 240 
by heterodyne detection. The processor 101 then 
controlled the actuator 1130 to make the appropriate 
adjustment to the impedance of the tuner 50, so that 
impedance matching was achieved. The phase and magnitude 
of a forward directed signal (from source towards the 
probe) could also be measured by a detection system 230, 
260, 280 and taken into account in determining the 
impedance adjustment. 

PCT/GB2003/005166 taught that it was desirable to 
phase lock the source of microwave radiation 1 (in Fig. 
1) , for example by using the feed back loop configuration 
shown in Fig. 3, where the source is a VCO whose 
frequency is reduced by a frequency divider and compared 
in a phase comparator with a stable (e.g. crystal) local 
oscillator signal; the phase comparator outputs a signal 
via amplifier and filter arrangement 1010 to control the 
VCO whereby its frequency is kept stable. As an 
alternative it would be possible to combine a broad band 
source 1030 with a narrow band filter 1140 as shown in 
Fig. 4. The purpose of the configurations shown in Fig. 
3 and Fig. 4 is to provide a stable source of microwave 
radiation, so that variations in the ' source frequency do 
not disrupt the signal detection. 
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In summary PCT/GB2003/0051 66 taught detecting a 
reflected signal from the probe and using information in 
that signal to adjust the impedance of a tuning element 
in the circuit. By adjusting the impedance to match that 
of the tissue being ablated, energy efficiency of the 
apparatus could be achieved. 

SUMMARY OF THE INVENTION 

However, the inventors have realised that the 
reflected radiation could be used not only to effect 
impedance matching of the probe and the tissue, but also 
to detect characteristics of the tissue at the end of the 
probe. For example, by analysing the reflected radiation 
it would be possible to determine the type of tissue. It 
should also be possible to distinguish between different 
types or states of the tissue, e.g. to distinguish 
between cancerous tissue and healthy tissue. This should 
allow an operator of the apparatus to know when the probe 
reaches cancerous tissue that needs to be ablated, avoid 
accidentally ablating healthy tissue and may also inform 
the operator when cancerous tissue has been fully ablated 
so that the ablation operation can be stopped. The 
invention could also be applied outside the context of an 
ablation system, e.g. as a standalone tissue measurement 
or classifying system. The inventors have realised that 
absolute magnitude measurements alone are not sufficient 
for this purpose; both the real and imaginary components 
of a complex impedance need to be taken into account. 
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Accordingly a first aspect of the present invention 
provides a tissue classifying apparatus comprising a 
source of microwave radiation having a given frequency, 

a probe for directing the microwave radiation into 
tissue; 

a detector for detecting the magnitude and phase of 
a reflected signal comprising microwave radiation 
reflected back through said probe and the magnitude and 
phase of a reference signal; and 

a tissue classifier for classifying the tissue into 
a tissue type or tissue state on the basis of the 
magnitude and phase of the signals detected by said 
detector. 

The apparatus according to the first aspect of the 
present invention is suitable for making in vivo 
measurements of tissue in a human or animal body. The 
probe is designed for insertion into tissue. By the above 
configuration the apparatus is able to determine what 
type of tissue (e.g. bone, fat, muscle, tumour) is at the 
end of the distal end of the probe. The distal end of the 
probe may have a centre conductor, which is conductively 
or capacitively loaded. 

The reference signal may be derived from the source 
of microwave radiation (e.g. a portion of the forward 
directed signal diverted to the detector by a directional 
coupler) . Alternatively the reference signal may be 
derived from a separate source (e.g. an independent local . 
oscillator) . A switch can be used to multiplex the 
reflected and reference signals to the detector. 
Furthermore, there may be several possible reference 
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signals (e.g. taken from different locations on the 
signal path between the source and the probe) and a 
switch multiplexing between them. The detector may 
comprise a phase comparator, a vector network analyser, a 
processor for analysing the input signals and/or a 
heterodyne detection configuration using local 
oscillators and mixers. 

Preferably the tissue classification is carried out 
on the basis of a complex impedance (having both real and 
imaginary components) calculated from the magnitude and 
phase of the reflected and reference signals and a first 
set of data relating to known or theoretical values for 
the complex impedance of one or more tissues types. These 
values, or data from which the theoretical complex 
impedance of tissue types can be calculated, can be found 
in texts such as Physical Properties of Tissue: A 
Comprehensive Reference Book by Francis A Duck, Academic 
Press London, 1990, ISBN 0-12-222800-6; chapter 6 of this 
book provides specific information about the electrical 
properties of tissues, including conductivity and 
relative permittivity. 

These texts give theoretical values and known values 
for single homonogenous tissue samples measured under 
controlled in vitro conditions, e.g. in isolated holding 
cassettes etc. It is expected that the actual values 
measured in vivo will be different, due to blood flow, 
multiple tissue layers and other considerations, but 
still related to these known values. 
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Preferably the tissue classification takes into 
account a predetermined relationship between values in 
said first data set and values in a second data set 
relating to the complex impedances of known tissue types 
5 measured by the apparatus (or previously measured by 

another apparatus according to the present invention) . In 
this way a few measurements made with the apparatus can 
be extrapolated to give expected values for other tissue 
types . 

10 

Alternatively the tissue classifier could classify 
the tissue by comparing the measured complex impedance 
with values in a table assigning predetermined values or 
ranges of values to different tissue types {or states) . 

15 

Preferably the apparatus is calibrated by measuring 
the complex impedance at the distal end of the probe 
(from the phase and magnitude of the reflected and 
reference signals) for a known impedance - e.g. air or a 

20 suitable known material. Future measurements can then be 

referenced to this calibration value. The distal end of 
the probe may be enclosed by the calibration material 
(where it is not air) . Calibration is necessary because 
different probe types and cable set ups will change the 

25 complex impedance measured, e.g. each additional length 

causes the phase to rotate and probe cable dielectric and 
conductor losses cause the magnitude to decrease". The 
calibration may be carried out with reference to a single 
known complex impedance, but preferably two (or more) 

30 different materials having different complex impedances 

are used (e.g. air and a hair or a piece of fixed 
permittivity foam) . In the case where air and a piece of 
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fixed impedance material are used, the tip of the probe 
is enclosed by the fixed impedance material. 

Preferably there is an impedance tuner between the 
source and the probe. This may be a stub tuner, most 
preferably a triple stub tuner. The presence of a tuner 
enables the circuit impedance of the apparatus to be 
adjusted to give maximum sensitivity for carrying out 
tissue measurements. When there is an impedance tuner, 
calibration may be carried out by adjusting the complex 
impedance of an impedance tuner until the measured 
impedance of the/these known material (s) at calibration 
is equal to the expected (known) impedance. Other 
methods of calibration will be apparent to a person 
skilled in the art. For example, where a stub tuner is 
used, the stubs can be adjusted until a single known 
position is obtained (e.g. 50 ohms + jO, but not limited 
to that value), which is then used to compare what is 
seen at the end of the probe. 

If the apparatus has an adjustable impedance tuner, 
then the impedance of the tuner is preferably kept 
constant while the apparatus is classifying tissue (e.g. 
if it is a stub tuner the stubs are kept stationary) . 
This helps to make the measurements accurate and 
repeatable. The complex impedance of the tuner used 
during tissue classification should be the same as that 
used during calibration. The impedance tuner may be 
controlled by any suitable actuation means, e.g. a 
stepper motor, linear motor, piezo electric actuator, 
moving coil or magnetostrictive actuator. A 
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magnetostrictive actuator is especially advantageous and 
is discussed in more detail later. 

Where a stub tuner is used, the stub positions could 
5 initially be set to enable a maximum phase-magnitude 

change when the probe is inserted into various tissue 
layers or where there is a change in tissue state during 
ablation. 

10 The apparatus preferably comprises a flexible cable 

for channelling the microwave radiation to the probe. 
This cable may be a waveguide or a coaxial cable. The 
cable will be coupled to the source of microwave 
radiation and the detector, usually there are one or more 

15 intermediate components between the cable and the source 

of microwave radiation (e.g. amplifiers, circulators, an 
impedance tuner etc) . The cable may be connected to the 
output of the impedance adjuster. Preferably the probe is 
integral with the flexible cable (in which case the probe 

20 is a rigid or semi-rigid portion and the cable is a 

flexible portion) . 

Preferably the cable has a high phase stability 
under flexure. This is advantageous because phase 
25 measurement is necessary to classify the tissue, but the 
cable will flex (e.g. twist and turn) as the probe is 
manouvered by the operator. If phase is shifted due to 
flexing of the cable, then information is lost. 

30 Preferably the phase stability of the cable with 

flexing is ±5° or less at the frequency of microwave 
radiation which is conveyed to the probe (i.e. the 
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frequency of the source of microwave radiation) . This 
means that the phase shift experienced by microwave 
radiation travelling through the cable, due to flexing of 
the cable, is ±5° of phase or less. More preferably ±3° 
5 or less, even more preferably ±2° or less. 

A standard method for measuring the phase stability 
of a cable under flexure is to flex the cable by +90° and 
. then by -90°, repeat 100,000 times and measure the phase 
10 shift in a signal passed through the cable during the 

flexing. The flexing of ±90° is carried out around a 
mandrel having a diameter of 4 inches (101.6mm). The 
maximum phase shift measured during this test is the 
phase shift specified as the cable's phase stability 
15 under flexure. 

Phase stability varies with the frequency of the 
signal. The above preferred phase stabilities are 
specified for the frequency with which the cable will be 

20 used in practice when the apparatus is in use. It should 

be noted however, that phase stability decreases with 
increasing frequency. That is, if a cable has the 
required phase stability at 40 GHz then it will certainly 
have the required phase stability at 14 GHz, as there 

25 will be less variation of phase with flexing at the lower 

frequency. 

It is also preferable that the cable has amplitude 
stability under flexure. Preferably the amplitude 
30 stability under flexure is 2.8dB or less (meaning that no 

more than 2 . 8dB in signal amplitude is lost due to cable 
flexure). More preferably no more than 1.5 dB, even more 
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preferably no more than 1.2 dB, most preferably no more 
than 1 dB. Amplitude stability with flexure can be 
measured in the same way as for phase stability above 
(except that change in amplitude is measured instead of 
5 change in phase) . 

If there are two different sources of microwave 
radiation with different frequencies (one for ablation, 
one for tissue classification - as will be discussed 
10 below) , then the cable should have the required phase and 

amplitude stability at the frequency which is used for 
tissue classification. Preferably cable will have phase 
and amplitude stability for both frequencies. 

15 The source of microwave radiation is preferably 

arranged to output a single stable frequency. By single 
stable frequency it is meant that its output frequency 
does not vary by more than ± 5 MHz over the operating 
temperature range of the apparatus (usually 22°C to 

20 60°C) , at constant load. More preferably the frequency 

does not vary by more than ± 1 MHz, still more preferably 
no more than ± 500 kHz, ± 50kHz, ± 10 kHz or even as 
little as ± 1 kHz over the operating temperature range. 

25 The advantage of having a single frequency source is 

that many microwave components have frequency dependent 
properties. For example, many microwave components 
including directional couplers, wave guide sections, 
tuner cavities, E-field launchers, cable assemblies, 

30 adaptors, probe assemblies and attenuation pads exhibit 

frequency dependent insertion loss and/or impedance. The 
latter can cause frequency dependent changes in the 
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impedance match/mismatch and the voltage standing wave 
ratio. These factors change the microwave measurement 
information, which is extracted from the apparatus. For 
example, the reflected signal (and also the reference 
signal, if it is derived from the source of microwave 
radiation) will generally be diverted to the detector by 
couplers and will therefore be a function of the 
directivity (ability to differentiate between forward and 
reflected signals) and the coupling factor (portion of 
the main signal diverted) of the couplers, both of which 
are frequency dependent. Accordingly, variation in source 
frequency causes a change in system characteristics, 
which manifests itself as noise or reduced system 
sensitivity, leading to reduced measurement sensitivity 
and a limitation in the ability to differentiate between 
certain tissue types. For example, a change in the source 
frequency during the period of time between the reference 
signal measurement and the reflected signal measurement 
will lead to power and phase changes between the 
reference and reflected signals (in addition to any 
changes caused by interaction the tissue) and such 
unwanted changes are difficult to recognise and 
compensate for. These problems are avoided if the source 
outputs a single stable frequency as defined above. 

Preferably the source of microwave radiation is 
phase locked to a single frequency. This source may be 
arranged so that the single frequency to which the source 
is locked can be varied by the user (e.g. the user may be 
able to choose a frequency in the range 13.75 to 14.75 
GHz) . Preferably the source of microwave radiation is 
phase locked to a crystal oscillator. Most preferably the 
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crystal oscillator is itself phase locked to another 
crystal oscillator. This double phase locking arrangement 
helps to further guarantee stability of the output 
signal . 

Alternatively the source may be a broadband source 
coupled to a narrow band filter. 

The detector may comprise an analogue detector, but 
preferably comprises a processor, phase comparator, 
vector network analyser or other electronic device 
arranged for measuring the phase and magnitude of input 
signals. Current electronic devices tend to require 
relatively low frequencies and therefore the frequency of 
the reflected signal, and usually the reference signal as 
well, needs to be reduced before input into the detector. 
This may be achieved by using a frequency divider, but 
that adds noise to the system. 

Therefore another approach is to mix the reflected 
signal by combining it with a mixing down signal of 
different frequency in a mixer. The output from the mixer 
is then at a lower frequency which can be accepted by the 
detector. The mixing down signal's frequency can be 
chosen such that it mixes with the reflected and/or 
reference signal (s) to produce a frequency suitable for 
input to the detector. It will usually be desirable to 
provide one or more filters for filtering out unwanted 
frequencies and a digital to analogue converter between 
the output of said mixer and the (electronic) detector. 
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The mixing down signal may be provided by a local 
oscillator (e.g. a local oscillator having a different 
frequency to the source of microwave radiation) . However, 
there the phase and frequency of the local oscillator and 
the source of microwave radiation may drift apart and 
this will reduce the accuracy of the measurements made. 
Accordingly it is preferred that the mixing down signal 
is derived from the source of microwave radiation. 

Therefore the apparatus preferably comprises a mixer 
having first and second inputs and an output, the first 
input being coupled to a pathway for conveying said 
reflected signal to the mixer, the second input being 
coupled to a pathway for conveying a mixing down signal 
to the mixer and the output being coupled to the 
detector. 

Preferably the mixing down signal is derived from 
the source of microwave radiation. 

Preferably the pathway for delivering the mixing 
down signal to said mixer comprises a phase locked loop 
for controlling the frequency of the mixing down signal 
on the basis of the frequency of the source of microwave 
radiation. This helps to reduce or prevent drift of the 
mixing down signal, which might otherwise cause 
inaccuracies in the measurement. 

As explained above the detector classifies the 
tissue on the basis of a reference signal and the 
reflected signal. However, the detector may use more than 
one reference signal. That is, it may be advantageous for 
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the apparatus to have first and second reference signal 
sources, which input respective signals to the detector 
(or to two separate detectors) . 

In one embodiment the first reference signal is 
derived from the source and an independent local 
oscillator generates the second reference signal. 
Alternatively the second reference signal may be derived 
from the source of microwave radiation and mixed with a 
local oscillator to provide a different frequency. The 
first and second reference signals should have different 
frequencies. The tissue classifier can then classify the 
tissue on the basis of the magnitude and phases of the 
reflected signal and the first and second reference 
signals. The advantage of having a second reference 
signal is that more information can be extracted from the 
phase and magnitude measurements and this enables the 
tissue to be characterised (and its complex impedance 
measured) more accurately. The second reference signal is 
also helpful if there is a lot of noise or systematic 
errors in the system. 

Preferably the probe is inserted into the centre of 
the tissue being classified, so that its measurement part 
is not crossing a junction between different tissue 
types. This makes it possible to disregard tissue 
interface effects. 

The detection apparatus may be an integral part of 
an apparatus for ablating tissue with microwave 
radiation. It is convenient to combine the two functions 
in a single system. Therefore the apparatus is 
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preferably capable of both ablating tissue and 
classifying tissue into one of several tissue types. 

A second aspect of the present invention provides an • 
apparatus for ablating tissue comprising an apparatus 
according to the first aspect of the present invention 
wherein the probe is adapted for delivering microwave 
radiation into tissue so as to ablate said tissue. The 
apparatus preferably further comprises an impedance 
adjuster (e.g. a tuner) having an adjustable complex 
impedance, said adjuster being located between said 
source and said probe. 

In this way the impedance adjuster (tuner) can have 
its complex impedance adjusted on the basis of the 
signals detected by said detector (a controller may be 
provided for this purpose) . Any suitable actuator may be 
used as discussed under the first aspect. Thus, 
impedance matching between the probe and the tissue can ' 
be achieved, so as to ensure efficient transmission of 
the microwave radiation into the tissue and minimise 
heating of the apparatus. Furthermore, in use, the 
apparatus can detect the type of tissue that the probe is 
in contact with and the operator can thus decide whether 
or not to ablate. 

Preferably the apparatus is capable of both 
classifying and ablating tissue. This may be done 
simultaneously, e.g. by ablating the tissue with 
microwave radiation and classifying it on the basis of 
the reflected signal (and a separate reference signal) . 
Preferably however, the apparatus has separate ablation 
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and tissue classification modes. For example the operator 
could switch the apparatus between an ablation mode for 
ablating the tissue and a tissue characterising mode for 
classifying the tissue. In the tissue characterisation 
mode, the impedance of the tuner is preferably kept 
constant, so that the reflected signal can be compared to 
a constant reference as discussed above under the first 
aspect. In the ablation mode, the impedance of the tuner 
is preferably varied by the controller in order to match 
the impedance of the tissue being ablated. In general 
the power of the microwave radiation directed through the 
probe in the classifying mode is much less than the power 
in the ablation mode, so that the tissue can be measured, 
but not damaged. 

As there can be a big difference in amplitude 
between the signal strength in the ablation and 
classification modes, this may cause difficulties in 
signal detection when the same apparatus is used to 
detect and analyse both reflected ablation and reflected 
tissue classification signals. This is especially the 
case where a mixer is used to mix down the reflected 
frequency before input to the detector, because mixers 
usually only operate over a limited dynamic range. 
Therefore the apparatus preferably comprises (i) a 
variable amplifier for amplifying the reflected microwave 
radiation before it reaches the detector when the 
apparatus is in the tissue classification mode and/or 
(ii) a variable attenuator for attenuating the reflected 
microwave radiation before it reaches the detector when 
the apparatus is in the tissue ablation mode. In this way 
the signal strength can be adjusted before it reaches the 
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detector or mixer. A separate detector may be used to 
check the original signal strength before amplification 
or attenuation so that this information can be stored or 
passed on to the controller or an operator. 

5 

The apparatus may be arranged to direct a first 
frequency of microwave radiation to the probe when in the 
ablation mode and a second frequency of microwave 
radiation, different to the first frequency, to the probe 

10 when in the tissue classification mode. For example, the 

apparatus may have a first source of microwave radiation 
to be used for ablating tissue and having a first 
frequency, and a second source of microwave radiation to 
be used for classifying tissue and having a second 

15 frequency. Said second frequency is different from said 

first frequency and is used for tissue measurement and 
classification purposes. The advantage of this is that 
certain tissue types may give a particularly strong 
response at certain frequencies, which makes those 

20 frequencies good for tissue classification, but a 

different frequency may be better for ablation. 

The second source of microwave radiation is coupled 
to the probe and a return path for conveying reflected 

25 radiation of the second frequency couples the probe to 

the detector. A second reference signal, preferably 
derived from the second source of microwave radiation, is 
provided as a reference for the reflected microwave 
radiation of the second frequency. Tissue classification 

30 can then be carried out as described above. 
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One or more filters may be provided to prevent or 
minimise the first frequency reaching inputs of the 
detector reserved for the second frequency and vice 
versa. This enables both sources of microwave radiation 
to be switched on at once, e.g. so that tissue ablation 
and classification can be carried out simultaneously. 

The term probe means any device, which is capable of 
delivering microwave radiation into tissue and receiving 
microwave radiation reflected by the tissue. The probe 
may, for example, be coaxial or it may be a waveguide. 
Preferably, the waveguide is loaded with a low loss 
dielectric and/or magnetic material; this to enables the 
size of the waveguide cavity to be reduced. The probe 
should be suitable for insertion into tissue and suitable 
for use in invasive procedures. Preferably the probe is 
designed to be capable of penetrating tissue. For 
example, the probe preferably has a rigid casing enabling 
it to be inserted into tissue without the aid of an 
endoscope or trocar. However, it would be possible for 
the probe to be semi-rigid or flexible and be inserted 
into the body through a trocar, endoscope, canula or 
other tube. The probe is preferably tapered, pointed or 
cone shaped at its distal end. This helps the probe to 
penetrate tissue and also focuses the microwave 
radiation. However, it is not necessary for the probe to 
be cone shaped, pointed or tapered, especially where it 
is designed for insertion into tissue through an 
endoscope or other tube. In any case, the procedure is 
preferably invasive, that is the probe is first inserted 
into the tissue, either directly or through a tube, and 
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microwave energy is then delivered for ablation or tissue 
classification purposes . 

Preferably the probe has an outer conductor, an 
inner conductor and a dielectric between the two, and a 
cone is attached to the distal end of the structure. 
Preferably the cone comprises a low loss dielectric (low 
loss at GHz frequencies) . Preferably the inner conductor 
is exposed at the distal end of the probe. Preferably the 
inner conductor extends through the cone and most 
preferably it is exposed at the distal end of the cone. 
It has been found that this provides optimal measurement 
sensitivity. 

Preferably the probe is integrated with a flexible 
cable {which may e.g. be connected to the tuner output). 
This enables the cable and probe assembly to be 
sterilised together, which is convenient for the 
operator. 

The apparatus of the second aspect of the invention 
may have any of the features of the first aspect 
mentioned above. 

PCT/GB2003/005166 described impedance matching by 
adjustment of the impedance of a tuner. However, the 
mechanism for adjusting the impedance was not discussed 
in detail. As tissue relaxation times are very short, of 
the order of ms, the actuation of the tuner needs to be 
equally quick if it is to keep up with changes in the 
tissue 1 s complex impedance. At its most general, a third 
aspect of the present invention proposes the use of 
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magnetos trictive material in the actuator. 
Magnetostrictive materials change their dimensions when 
exposed to a magnetic field. They respond very quickly to 
changes in a magnetic field and accordingly a quick 
5 adjustment of impedance can be achieved. 

Accordingly, a third aspect of the present invention 
may provide a tuner for use in a microwave circuit having 
one or more tuner elements (e.g. tuner rods) of 
adjustable length or position, so that by adjustment of 
said elements the impedance of the tuner can be varied; 
and at least one actuator comprising a length of 
magnetostrictive material coupled to one of said tuning 
elements so that changes in length of said 
magnetostrictive material move or change the effective 
length of said tuning element; and one or more sources of 
electric current connected to one or more coil windings 
surrounding at least a portion of said magnetostrictive 
material. The sources of electric current can then be 
used to generate the magnetic field via the coil windings 
and to change the length of the magnetostrictive 
material . 

The, or each, tuning element may be integral with a 
25 respective magnetostrictive actuator. However, as most 

magnetostrictive materials will cause signal loss in the 
tuner, it is preferable that the actuator (s) and the 
tuning elements are separate components. Low loss 
materials, e.g. silver and copper, are especially 
30 suitable for the tuning elements. If the tuning element 

and actuator are one integral component then it is 
preferable that a tuning end of the component is coated 
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in a low loss material so as to avoid losses in the 
tuner. In this case the coating thickness is preferably 
such that the electromagnetic field is at or near zero at 
the coating element interface. 

5 

Usually each actuator will have several coil 
windings or sets of coil windings surrounding its 
magnetostrictive material. Preferably there are a 
plurality of current sources and each is connected to a 

10 respective separate coil winding or set of coil windings. 

In this way the number of windings coupled to each 
current source can be kept low and the response time is 
kept short; another advantage is that the levels of 
induced ernf are minimised. Each current source may take 

15 the form of a respective amplifier connected to a 

FPGA/DSP or other control circuit for controlling the 
current directed to each current winding. Fast amplifiers 
with high output voltage and high slew rates are 
preferred. 

20 

Preferably the magnetostrictive material comprises 
terfenol, most preferably terfenol-D. Other 
magnetostrictive materials could be used, for example 
Nickel, Iron & Permalloy. Terfenol-D is preferred because 
25 it has a very high bulk saturation strain (2000 x 10" 6 ) 

and so can provide very quick actuation. 



30 



In one embodiment the length of magnetostrictive 
material is a rod, one end of which is attached to a 
tuning element. 
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Preferably the length of magnetostrictive material 
is housed in a non-magnetic housing, for example a hollow 
cylinder of a non-magnetic metal or plastic material. 
The coil windings can be provided on the outside of the 
5 housing. 

Preferably the housing has an interference (i.e. 
tight) fit with the magnetostrictive material. That is it 
grips the actuator. This enables the actuator (e.g. rod 
10 of magnetostrictive material) to move along a bore of the 

housing. Each time current is pulsed through one or more 
coils a magnetic field is generated and the actuator 
expands. After the pulse has passed, the material relaxes 
and the actuator contracts. 

15 

The effect is that the actuator can be moved along 
the bore. When the pulses have a first polarity the 
actuator expands towards a first end of the bore so as to 
push the tuning element further into the tuner. After 

20 the pulse passes the magnetostrictive material relaxes 

its x front' end is gripped by the housing and the back 
end (opposite the direction of expansion) contracts and 
is pulled up to the new position. In this way the 
actuator advances along the bore. If the polarity is 

25 changed then the expansion and relaxation is in the 

opposite direction and the tuning element can be 
retracted. 

Accordingly the actuator is preferably a moveable 
30 actuator in the form of a rod magnetostrictive material 

which is moveable along the bore of a housing, with which 
it has an interference fit, by pulsing of a magnetic 
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field. This arrangement allows a large degree of movement 
compared to the situation if one end of the actuator was 
fixed at a fixed position in the housing. 

By activating each current source (and coil or coil 
set) independently it is possible to cause each 
succeeding cross-section of the magnetostrictive rod to 
elongate, then contract when the field is removed, 
causing the rod to crawl down the bore of the housing . 

Preferably, the tuning elements are tuning rods of a 
stub tuner, most preferably a triple stub tuner. Each 
tuning rod or element is coupled to a respective 
magnetostrictive actuator. 

The tuner and actuation arrangement of the third 
aspect of the present invention may be used with either a 
tissue ablation apparatus or a tissue classification 
apparatus or an apparatus, which is capable of both 
tissue classification and ablation. For example it may be 
used with an apparatus according to the first or second 
aspects of the present invention. 

The tuner of the third aspect of the present 
invention could also be used in a tissue ablation 
apparatus comprising a source of microwave radiation, a 
probe for directing the microwave radiation into the 
tissue to be ablated, a detector for detecting the 
magnitude and phase of microwave radiation reflected back 
through the probe and an impedance tuner between the 
probe and the source. A controller could then control the 
actuator (s) to adjust the impedance of the tuner on the 
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basis of the detected phase and magnitude of the 
reflected microwave radiation. In this way the impedance 
of the apparatus can be matched with the tissue being 
ablated even if the complex impedance of the tissue 
changes rapidly. The detector may be a phase comparator 
or vector network analyser. The detector may be a 
heterodyne detection arrangement comprising a mixer and a 
local oscillator of a frequency different to that of the 
source of microwave radiation. 

A fourth aspect of the present invention provides a 
tissue ablation or measurement apparatus comprising a 
source of microwave radiation, a probe for directing the 
microwave radiation into the tissue to be ablated, a 
detector for detecting the magnitude and phase of 
microwave radiation reflected back through the probe and 
an impedance tuner between the probe and the source, 
wherein the impedance tuner comprises one or more rods 
which are actuated by one or more actuators comprising 
magnetostrictive material. 

Preferably the impedance tuner is a tuner according 
to the third aspect of the present invention. 

A fifth aspect of the present invention is a method of 
classifying tissue comprising the steps of a) inserting a 
probe into tissue to be classified, b) directing 
microwave radiation through said probe into the tissue, 
c) classifying the tissue type or tissue state based on 
the amplitude and phase of microwave radiation reflected 
by said tissue back through said probe and the amplitude 
and phase of a reference signal. The method may use an 
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apparatus according to the first aspect of the present 
invention . 

The probe may be configured to penetrate tissue and 
inserted directly into the tissue. Alternatively it may 
be inserted via a tube such as a trocar or an endoscope. 

The distal end of the probe should be positioned in the 
tissue which is to be classified. 

A sixth aspect of the present invention may provide a 
method comprising the steps of, firstly classifying the 
tissue by carrying out the steps of the fifth aspect of 
the present invention and then ablating the tissue by 
directing microwave radiation down the same probe or 
another probe inserted into said tissue. 

In this way the apparatus can be used to locate a tissue 
of a particular type which is to be ablated (e.g. to 
locate a tumour or cancerous tissue) , before starting the 
ablation. 

Example of applications to which this method can be 
applied include the following: neurosurgery and the 
treatment of brain tumours, hepatic surgery such as the 
treatment of hepatocellular carcinoma, treatment of 
desmoid tumours, oesophageal carcinoma, lung carcinoma 
and breast carcinoma. In each case the cancerous tissue 
can be located and subsequently ablated by the apparatus. 

It would also be possible to locate the cancerous tissue 
by using an apparatus according to the fifth aspect of 
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the present invention and then use other conventional 
surgical methods to remove or destroy the tissue. 

A further application is to relieve pain by 
identification and ablation of nerve pathways. For 
example, it would be possible to relieve chronic and 
intractable pain in patients with advanced carcinoma that 
has progressed to invasion of nerve plexii. Selective 
ablation of the plexii would destroy the nerve pathways. 
Such treatment would not prolong the patient's life, but 
could potentially improve the patient's quality of life 
by alleviation of the pain. 

Preferably the tissue classification is carried out with 
microwave radiation of a first power and the ablation is 
carried out with microwave radiation of a second power 
greater than said first power. 

. The method may comprise a further step of 
classifying the tissue after ablation has been carried 
out for a certain period of time, in order to check 
whether or not all of the tissue which it is desired to 
ablate (e.g. cancerous tissue) has been ablated. This 
tissue classification may be carried out periodically, 
e.g. after a set period of ablation, e.g. by stopping the 
ablation and switching to classification mode. 
Alternatively it may be carried out continuously at the 
same time as ablation where different frequencies are 
used for tissue ablation and classification. 

The operator may continue to ablate after it is 
detected that all of the desired (e.g. cancerous) tissue 
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is ablated, in order to establish a safe margin around 
the original tumour to make sure that no cancerous tissue 
is left. 

5 The sixth aspect of the present invention may be 

carried out using an apparatus according to the second 
aspect of the present invention. 

A seventh aspect of the present invention is a 
10 method of actuating an impedance tuner using 

magnetostrictive material as described above under the 
third aspect of the present invention. This may be 
combined with the fifth and sixth aspects discussed 
above . 

15 

Another aspect of the present invention, relating to 
mixing down of reflected and/or reference signals in 
ablation or tissue classification apparatus, will now be 
described. As previously mentioned, PCT/GB2003/005166 

20 disclosed that it would be possible to use a 

magnitude/phase comparator 65, as shown in Fig. 2, 
instead of the heterodyne detection system shown in Fig. 
1. In Fig 2 directional couplers 250, 200 direct 
portions of the forward and reflected signal to the 

25 detector arrangement, which includes amplitude sensors 

61, 63 for measuring the magnitude of the signals as well 
as the phase comparator 65 for measuring the phases. 
Because currently available phase comparators can only 
handle relatively low frequencies, it would be necessary 

30 • to reduce the frequency of the reflected signal from 

coupler 200 by using an electronic frequency divider 64. 
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However, electronic frequency dividers introduce 
significant amounts of phase noise when large division 
ratios are used (and other random noise such as thermal 
and junction noise is introduced), and so information is 
lost. Therefore the inventors have devised a system that 
uses a mixing arrangement instead of an electronic 
frequency divider, to reduce the frequency. In this 
system, the reflected microwave radiation is mixed with a 
second microwave signal of a different frequency, from a 
local oscillator, such that the mixer outputs a signal of 
a lower frequency to be used in the detector. A 
difficulty is that the phase and frequency of the local 
oscillator and the source of microwave radiation will 
drift and this will reduce the accuracy of the 
measurements made. 

Therefore one aspect of the present invention 
proposes that the second signal (which may be called a 
'mixing down' signal) is derived from and preferably 
phase locked to the source of microwave radiation. In 
this way, the measurement is kept accurate, as any 
difference in phase should be due to interaction with the 
tissue, not due to temporal variations between two 
different oscillators (which might happen if the mixing 
down signal was provided by an independent local 
oscillator) . Furthermore, mixing down in this manner 
provides more useful information, as information would be 
lost if a frequency divider was used. 

Accordingly, an eighth aspect of the present 
invention proposes a tissue ablation or measurement 
apparatus comprising: 
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a source of microwave radiation; 

a probe for delivering said microwave radiation to 
tissue to be ablated and/or measured; 

a first pathway for conveying microwave radiation 
from said source to said probe; 

a first mixer having first and second inputs and an 
output; 

a second pathway for delivering a signal derived 
from said source to said first input of said first mixer; 
and 

a third pathway for diverting a portion of microwave 
radiation from said first pathway, said diverted 
radiation being either forward directed radiation 
travelling along said first pathway from said source to 
said probe or reflected microwave radiation reflected 
back through said probe, and delivering said diverted 
radiation or a signal derived from the diverted radiation 
to said second input of said first mixer; 

the output of the mixer being arranged to send a 
signal to a processor which is configured to calculate 
the amplitude and phase of said forward or reflected 
radiation diverted from said first pathway; 

wherein said second pathway comprises a phase locked 
loop for controlling the frequency of the signal sent to 
the first input of the first mixer on the basis of the 
frequency of the source of microwave radiation. 

This aspect of the present invention may be applied 
to a tissue ablation apparatus, a tissue classification 
apparatus, or an apparatus which is capable of both 
classifying and ablating tissue. 
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Generally, the signal input to the first mixer's 
first input should be different in frequency to the 
signal input to the first mixer's second input as the 
mixer outputs the difference and the sum of the two input 
frequencies, the latter of which is preferably filtered 
out with a low pass filter. Usually said second pathway 
is configured such that it delivers a signal, having a 
different frequency than the frequency of the source of 
microwave radiation, to said first input of said first 
mixer. The signal input to the second input of the first 
mixer is usually the same frequency as the source of 
microwave radiation. The difference between the two 
signal frequencies should be acceptable for input to the 
processor either directly or via an ADC . In essence the 
second path delivers a mixing down signal to the first 
mixer, where it is mixed with a reflected or reference 
signal diverted from the first path. 

Preferably the phase locked loop comprises a forward 
path and a feedback path . . Preferably the forward path 
comprises a second mixer having a first input coupled to 
said source of microwave radiation and an output for 
outputting a signal from said second mixer along the 
forward path towards said first input of said first 
mixer; the feedback path being arranged to divert a 
portion of the signal sent to the first input of said 
first mixer to a second input of said second mixer. 

In other words it is preferable that the second path 
is coupled to the source of microwave radiation and has a 
second mixer between the source of microwave radiation 
and the first mixer; there being a fourth path coupling 
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the first input of the first mixer with the second input 
of the second mixer. This fourth path is in effect the 
feedback path mentioned above (as part of the second 
path's phase locking loop). This is a convenient way of 
implementing the phase locked loop. It provides a stable 
frequency for the first input of the first mixer, which 
is referenced to said first frequency. 

Preferably the forward path comprises a phase 
detector and a voltage controlled oscillator. These may 
conveniently be posited between the first and second 
mixers. The phase detector may be connected to or 
comprise a local oscillator, and configured for comparing 
the phase of the signal output from the second mixer with 
the phase of the local oscillator. It can then deliver a 
control signal to a voltage-controlled oscillator (VCO) 
based upon this comparison, the voltage-controlled 
oscillator being configured to output a signal to the 
first input of said first mixer. 

In this way by appropriate control of the VCO, the 
frequency sent to the first input of the first mixer can 
be controlled and prevented from drifting relative to the 
source of microwave radiation. The local oscillator may 
be a high accuracy temperature compensated crystal 
oscillator (e.g. 50MHz or less), such crystal oscillators 
provide a much more stable signal than most microwave 
frequency oscillators and so any variance in the 
frequency of the source of microwave radiation can be 
tracked and reflected in the signal sent to the first 
input of the first mixer, i.e. the intermediate frequency 
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(If) at the output of said first mixer can be kept 
constant . 

Preferably the voltage-controlled oscillator is 
5 configured to output a frequency in the microwave range, 

most preferably close to the frequency of the source of 
microwave radiation. Specifically, a frequency that will 
mix in the first mixer with the signal from the third 
pathway to produce a signal which will be accepted by an 
10 ADC or other signal processing device. Usually this will 

be in the MHz range (e.g. up to 250MHz, more usually 
50MHz or less, but not limited to either of these) . 

Preferably a low pass filter is provided between the 
15 second mixer and the phase detector. This filters out any 

high frequency components generated in the second mixer 
(e.g. filters out the sum of the two input frequencies 
allowing the difference to pass through) if the sum 
frequency is outside the frequency band of the first 
20 mixer than the low pass filter may not be required. 

Preferably a loop filter is provided between the 
phase detector and the voltage-controlled oscillator. 
This ensures that the signal from the phase detector is 
25 filtered and offset, where necessary, to provide a 

control signal that can be accepted by the voltage- 
controlled oscillator. 



30 



Preferably there is an analogue to digital converter 
(ADC) between the output of the first mixer and the 
processor. This enables an analogue signal from the first 
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mixer to be processed by the processor. The ADC may be 
integrated into a FDGA, DSP or other form of processor. 

It is worth noting that the source of microwave 
radiation itself is preferably kept stable by its own 
phased locked loop. That is it is controlled on the 
basis of feedback on the difference between its phase and 
that of a stable (e.g. temperature compensated crystal) 
local oscillator. Another possibility is to have a 
broadband source filtered by a narrow band filter to give 
a stable output. The same techniques as described above 
under the first aspect of the invention may be used in 
order to achieve a stable single frequency source of 
microwave radiation. 

Preferably there is a circulator on the first 
pathway, positioned between the source of microwave 
radiation and the second pathway on the one hand and the 
probe on the other. In an ablation system, there will 
usually also be a power amplifier on the first path 
between the source and the probe and this will generally 
be placed on the source side of the circulator so as to 
prevent large levels of reflected power from damaging an 
output stage of the power amplifier. 

Preferably the third pathway comprises a plurality 
of channels each coupled to a different point on the 
first pathway or to the probe and connected to a 
switching device which is configured to direct radiation 
from only one of said channels at a time to the second 
input of the first mixer. 
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Thus the switching device allows selection of the 
point in the circuit from which the reflected or forward 
directed radiation is taken. Preferably a controller 
controls the switching device in conjunction with the 
detector to take successive readings from different 
channels. In other words a time multiplexing system is 
used. Alternatively frequency multiplexing or another 
multiplexing system could be used. 

In this way, as there are several channels, more 
information is available to analyse the tissue's complex 
impedance. Generally some of the channels will be 
connected to the first pathway by forward couplers and 
will carry forward directed radiation, others will be 
connected by reverse couplers and channel reflected 
radiation. The forward directed radiation can act as a 
reference signal for the reflected radiation whereby the 
tissue can be classified. 

Instead of time-multiplexing it would be possible to 
have a separate feedback loop comprising first and second 
mixers for each channel, e.g. 10 mixers and 5 feedback 
loops if there were five channels for diverting radiation 
from the first pathway. However, there would then be 
independent noise or error contributions from each mixer. 
So multiplexing with a switching device is preferred. 

Where there is a circulator, those channels which 
channel reflected radiation will be coupled to the first 
pathway at points between said circulator and the probe, 
or directly to the probe itself. Where there is a power 
amplifier on the first pathway between the source and the 
probe, it is preferable that the channels for channelling 
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forward directed radiation on the third pathway are 
coupled to the first pathway between the output of the 
power amplifier and the probe. This is because phase 
changes can occur in the power amplifier, and for 
purposes of tissue characterisation (see below) and 
ablation matching it can be more useful to compare the 
amplified forward directed signal sent towards the probe 
with the reflected signal passed back through the probe. 

The apparatus of the eighth aspect of the present 
invention may be used to impedance match or to make 
tissue measurements and classify the tissue or both. 
Preferably the apparatus is capable of classifying the 
tissue and comprises a channel for conveying a reference 
signal to said detector and a tissue classifier for 
classifying the tissue into a tissue type or tissue state 
on the basis of the magnitude and phase of the reflected 
radiation and the reference signal as detected by said 
detector. The reference signal may be from an independent 
local oscillator or may derived from the source of 
microwave radiation, it is however separate from said 
second pathway. Preferably it is a forward directed 
signal based on radiation travelling from the source to 
the probe, usually taken from after any power amplifier 
as discussed above. Such reference signals can also be 
used for impedance matching. 

As the apparatus is suitable for making in vivo 
measurements of tissue in a human or animal body, the 
probe is designed for insertion . into tissue. By the above 
configuration the apparatus is able to determine what 
type of tissue (e.g. bone, fat, muscle, tumour) is at the 
end of the distal end of the probe. The distal end of the 



WO 2005/115235 



PCT/CB2005/002085 



36 

probe may be made very short by inductively or 
capacitively loading its centre conductor. 

Preferably the apparatus is configured to measure 
the tissue's complex impedance on the basis of the 
magnitude and phase of the reference signal and magnitude 
and phase of radiation reflected back through the probe 
by the tissue. 

Both impedance matching, when ablating tissue, and 
tissue measurement for the purposes of classifying the 
tissue, involve determining the amplitude and phase of the 
reflected microwave radiation (or a signal based on the 
reflected microwave radiation) . 

The eighth aspect of the present invention may 
applied either to a tissue ablation apparatus or a tissue 
measurement apparatus. The apparatus preferably has dual- 
functionality and is able to both ablate and classify 
tissue. However this is not compulsory and the present 
invention may be applied to a tissue measurement 
apparatus, which does not ablate (e.g. without a high 
power amplifier) or to a tissue ablation apparatus that 
does not have the computational capacity to classify the 
tissue . 

A system which is capable of both tissue ablation 
and classifying tissue will generally have at least two 
modes of operation: a tissue ablation mode and a tissue 
classification mode. The power of the microwave radiation 
output from the probe (and delivered to the tissue) in 
the ablation mode is typically much higher than the power 
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used in the tissue classification mode. In this way 
damage to any healthy tissue (e.g. discovered when 
carrying out tissue classification) can be minimised. It 
also helps to ensure that high doses of non-ionised 
radiation are only launched into cancerous tissue. 

However, if a mixer is used to convert the reflected 
radiation to a lower frequency signal that can be 
accepted by a digital processor then a problem arises 
between these two modes. Typically a mixer will only be 
able to operate with a limited dynamic range of input 
powers. A dynamic range of -lOdB to +10dB is typical for 
example . 

Therefore another aspect of the present invention 
proposes, at its most general, that a variable attenuator 
and/or variable amplifier is/are used to increase or 
decrease the amplitude of signals directed to the mixer. 

Accordingly a ninth aspect of the present invention 
provides a tissue classification and ablation apparatus 
comprising a source of microwave radiation; 

a. probe for delivering said microwave radiation to 
tissue to be ablated and/or measured; 

a first pathway for conveying microwave radiation 
from said source to said probe; 

a first mixer having first and second inputs and an 
output for directing a signal to said processor; 

a second pathway for delivering a signal source to 
said first input of said first mixer;, and said signal 
having a different frequency to the frequency to the 
microwave radiation delivered through the probe 
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a third pathway for diverting a portion of microwave 
radiation from said first pathway, said diverted 
radiation being either forward directed radiation 
travelling along said first pathway from said source to 
said probe or reflected microwave radiation reflected 
back through said probe, and delivering said diverted 
radiation or a signal derived from the diverted radiation 
to said second input of said first mixer; 

the output of the mixer being arranged to send a 
signal to a processor which is configured to calculate 
the amplitude and phase of said forward or reflected 
radiation diverted from said first pathway; and 

a variable attenuator and/or a variable amplifier on 
said third pathway for attenuating or amplifying the 
reflected microwave radiation before it reaches the 
second input of said first mixer. 

The signal sent to first input of the first mixer 
should be different to the frequency input to the second 
input of the first mixer so that the first mixer can 
output the difference between the two input signals . 
Usually this will be achieved by configuring the second 
pathway to deliver a frequency different to the source of 
microwave radiation, as the radiation from third pathway 
will usually have the same frequency as said source. It 
would in principle be possible to have a frequency 
divider or mixing down arrangement on the third pathway 
however. In this second aspect of the invention, the 
signal from the second pathway, which is delivered to the 
first input of the first mixer, may be derived from the 
source of microwave radiation or from a separate 
independent oscillator. 
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Preferably the variable attenuator has at least a 
first attenuation level or range and a second attenuation 
level or range, and the apparatus is configured to 
utilise the first attenuation level or range in the 
classification mode and the second (higher) attenuation 
level or range in the ablation mode. 

The same is true for the variable amplifier except 
that the amplifier is configured to use greater gain in 
the classification mode where the incoming signal is 
weaker . 

Generally there will be a power amplifier on the 
first pathway between the source and the probe. This 
power amplifier may be switched on or off or preferably 
has variable gain or is connected to a variable gain 
amplifier, so as to provide at least two different signal 
powers for the ablation and tissue characterisation 
modes. Alternatively or additionally a variable 
attenuator could be provided between the source of 
microwave radiation and said amplifier. Other ways of 
providing the apparatus with first and second power 
levels for the two different modes, will be apparent to a 
person skilled in the art. 

Preferably a circulator is provided between the 
power amplifier and the probe. 

Preferably the variable attenuator has a 
continuously variable attenuation (i.e. it is not limited 
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to just two discrete levels of attenuation) . In one 
embodiment the variable attenuator is a pin diode. 

Preferably there is an amplitude detector for 
detecting the reflected signal's amplitude, coupled to 
the third pathway. The amplitude detector may for 
example be a logarithmic type or simple diode type, the 
former will give a large dynamic range, other 
possibilities will be apparent to a person skilled in the 
art. The amplitude detector is configured to send a 
signal for controlling the variable attenuator's 
attenuation or the variable amplifiers gain on the basis 
of the detected amplitude. Thus if the amplitude detector 
detects a large signal it can control the variable 
attenuator to increase the attenuation so that the signal 
input into the second input of the first mixer is within 
a predetermined range. If a very low signal is detected 
then the variable amplifier can be controlled to amplify 
the signal to a level acceptable for the second input of 
the first mixer and the attenuator (if present) can be 
controlled not to attenuate or for minimal attenuation. 

The amplitude detector may be connected to a 
controller, such as an FPGA, which is configured to 
control the variable attenuator and/or variable amplifier 
on the basis of the amplitude detector signal. 

The apparatus preferably has an impedance tuner on 
the first pathway between the source and the probe (where 
a circulator is present, said impedance tuner will be on 
the probe side of the circulator) . The complex impedance 
of the impedance tuner is adjustable by the controller on 
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the basis of the amplitude and phase of the reflected 
microwave radiation as detected by the processor and/or 
the second, amplitude detector. Preferably the tuner is a 
triple stub tuner. 

The apparatus according to the ninth aspect of the 
present invention may be used or combined with any of the 
other aspects of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention will now be 
described, by way of example only, with reference to the 
accompanying drawings in which: 

Fig. 1 is an ablation apparatus capable of impedance 
matching with the tissue at the end of the probe and has 
already been described; 

Fig. 2. shows an alternative detection arrangement 
having a phase comparator, for use with an ablation 
apparatus such as that shown in Fig. 1 and has already 
been described; 

Fig. 3 shows a feedback loop for achieving a stable 
source of microwave radiation and has already been 
described; 

Fig. 4 shows an alternative configuration for 
achieving a stable source of microwave radiation and has 
already been described; 

Fig. 5 shows a tissue classification apparatus 
according to a first embodiment of the present invention; 

Fig. 6 shows a tissue classification system 
according to a second embodiment of the present 
invention; 
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Fig. 7 shows tables of results of complex impedance 
measurements taken with an apparatus according to the 
present invention; 

Fig. 8 is a Smith chart showing results from table B 
of Fig. 7 in graphic form; 

Fig. 9 is an enlarged view of a portion of Fig. 8; 

Fig. 10 is a Smith chart showing results from table 
B of Fig. 7 in graphic form; 

Fig. 11 is an enlarged view of a portion of Fig. 10; 

Fig. 12 is another table of results; 

Fig. 13 shows a portion of a Smith chart displaying 
graphically the results of Fig. 12; 

Fig. 14 is another table of results; 

Fig. 15 shows a portion of a Smith chart displaying 
graphically the results of Fig. 14. 

Fig. 16 is a schematic diagram showing a tuner and 
actuation arrangement according to a third embodiment of 
the present invention, and 

Figs. 17(a) to (e) illustrate movement of the 
magnetostrictive actuator of Fig. 12 in its housing. 

Fig. 18 is a simplified diagram of an ablation and 
tissue characterisation apparatus according to the an 
embodiment of the present invention; 

Fig. 19 is a more detailed system diagram of an 
embodiment of the present invention; 

Fig. 20 is an example of a double phase locked 
arrangement for the source of microwave radiation; 

Fig 21 is a diagram of a probe being inserted into 
and penetrating sample materials; 

Fig 22(a) is a cross section of a type of probe, 
which may be used with the present invention; 
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Fig 22(b) is a diagram of the probe of Fig 22(a) 
together when attached to a flexible cable assembly; and 

Fig 22(c) is a diagram of the probe of Fig 22(a) 
when it is formed integrally with a flexible cable 
assembly . 

DETAILED DESCRIPTION OF THE INVENTION 

A tissue classification apparatus, shown 
schematically in Fig. 5, has a stable phase locked source 
of microwave radiation 1 connected to a probe 5 
configured for directing the microwave radiation into 
tissue to be classified. The probe 5 is adapted for 
insertion into the tissue, so that the tissue measured is 
at or surrounding the distal end 5a of the probe. That 
is, in use, there is physical contact between the probe 
and the tissue 6. 

The source of microwave radiation 1 may be a voltage 
controlled oscillator (VCO) , a dielectric resonator 
oscillator (DRO) , surface acoustic wave oscillator (SAW), 
a gunn diode oscillator or any other appropriate 
oscillator known to a person skilled in the art. The 
source may comprise a microelectromechanical (MEM) device 
arranged to act as a frequency control element. MEM 
devices have the advantage that they are virtually 
parasitic-free passive devices and so noise and 
subsequent frequency variation, for example jitter, may 
be further reduced. 

The source of microwave radiation is phased locked 
so that it outputs a single stable frequency. For 
example, the arrangement used in Fig 3 may be used. In 
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the present embodiment, the source of microwave radiation 
outputs a frequency of between 13.75 GHz and 14.75 GHz, 
and is phase locked to produce a single frequency of 14.5 
GHz. A suitable choice for the source of microwave 
radiation would, for example, be the Hittite HMC398QS16G 
VCO, which has a drift of 1 . 5 GHz/°C in the operating 
temperature range. A phase locking arrangement is then 
used to keep the drift in the output frequency below 5 
KHz/degree Celsius in the operating range 20 to 60 
degrees Celsius . 

Alternatively, the source of microwave radiation may 
be phased locked to a stable crystal oscillator which is 
itself phased locked to another stable crystal oscillator 
(so the configuration has the microwave oscillator and 
two crystal oscillators) . This double phase locking 
arrangement helps to minimise the drift even further. 
Minimisation of drift is important because it makes it 
easier to compensate for noise in the system (which may 
be frequency dependent) and leads to more accurate 
measurement sensitivity. One of the crystal oscillators 
would be a TXCO (temperature compensated crystal 
oscillator) and the other a VXCO (voltage controlled 
crystal oscillator) . An example of a suitable TXCO is 
Golledge Electronics Limited 7 s GTXO-580V/G which operates 
at 13MHz (but the present invention is not limited to 
this) . 

Figure 20 shows an example of a double phase locked 
arrangement. It comprises a DRO (Dielectric Resonator 
Oscillator) 1001 which acts as the source of microwave 
radiation, a TXCO 1020 which acts as the first crystal 
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oscillator and a VXCO 1030 which acts as the second 
crystal oscillator. 

The first crystal oscillator 1020 outputs a signal 
(at a set stable frequency, typically in the MHz range) 
to phase comparator 1015b. The phase comparator 1019 
outputs, via loop filter 1019, to a first input 1050 the 
source of microwave radiation 1001. The source of 
microwave radiation outputs a phase locked microwave 
signal for use in the rest of the apparatus. A portion of 
this signal is diverted (e.g. by a coupler) to a 
frequency divider 1006 that divides (i.e. reduces) the 
frequency of the microwave signal, so that it is the same 
or a similar frequency to that of the first crystal 
oscillator 1020, and inputs this divided signal to the 
phase comparator 1015b. The phase comparator's output 
thus depends on the difference in phase between the 
output of the source of microwave radiation 1001 and the 
first crystal oscillator 1020. In this way the output 
frequency of the source of microwave radiation is kept 
stable as if it increases compared to the first crystal 
oscillator 1020, the signal sent to the source of 
microwave radiation's input 1050 is adjusted accordingly 
causing the microwave radiation output signal to lower in 
frequency and vice versa. The source of microwave 
radiation 1001 is also controlled by a signal received at 
input 1040, which is derived from a second crystal 
oscillator 1030 which is phase locked to the first 
crystal oscillator 1020. A portion of the signal from the 
first crystal oscillator 1020 is input to a second phase 
comparator 1015a which outputs to the voltage controlled 
second crystal oscillator 1030, via loop filter 1017. The 
output of the second crystal oscillator 1030 is sent to a 
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frequency divider 1005, which reduces the signal 
frequency and outputs to the other input of the phase 
comparator 1015a in a phase locking arrangement, whereby 
the output of the second crystal oscillator 1030 is kept 
stable. It may be preferable to omit frequency divider 
1005 and use a VXCO 1030 that outputs a signal centred 
around the output frequency of TXCO 1020. In this 
alternative configuration the output from VXCO 1030 is 
directly fed back to the first input of phase comparator 
1015a. The second crystal oscillator 1030 also outputs to 
a second input 1040 of the source of microwave radiation 
1040 via a loop filter 1018. In this way, from the two 
phase locking inputs 1040 and 1050, the frequency of the 
source of microwave radiation is kept even more stable 
than if it was phase locked to only one crystal 
oscillator. 

Instead of phase locking, another approach would be 
to use a broadband source together with a narrowband 
filter, as shown in Fig 3. 

Between the source 1 and the probe 5 there are one 
or more amplifiers 2, an isolator 40 in the form of a 
circulator for isolating the probe 5 from the amplifiers 
2 (to prevent reflected power from damaging the 
amplifiers), an impedance tuner 50 and a cable assembly 
4. The cable assembly 4 has an adjustable length and can 
be adjusted to give an integral number of quarter 
wavelengths between the output of the tuner 50 and the 
end of the probe, this being desirable as it makes it 
easier to calculate impedance measured at the end of the 
probe. In this embodiment the impedance tuner is a 
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triple stub tuner and its impedance is varied by movement 
of three tuning elements in and out of a tuner cavity (as 
is conventional) . The tuning elements are moved by an 
actuator 1130, which is controlled by a controller 101. 
The controller may take any suitable form and may be the 
same as the microprocessor system 101 shown in Fig. 1. 

When the apparatus is used to direct microwave 
radiation through the probe and into tissue 6 at the end 
of the probe 5, the tissue 6 will reflect a portion of 
the microwave radiation back through the probe towards 
the source 1. A directional coupler 200 diverts a 
portion of this signal to an input B of the detector 100. 
The reflected signal directed to the detector is 
indicated by reference numeral 210 in Fig. 5. The 
detector 100 also takes an input A from a reference 
signal 255. In this embodiment the reflected signal is 
taken from a location just after the output of the 
impedance tuner, it could be taken from other locations 
(see Fig 19) , but this location is preferred because it 
generally suffers less noise. In this embodiment the 
reference signal is derived from the source of microwave 
radiation 1, being diverted before the amplifier 2 by a 
directional coupler 250. It would be possible to provide 
a reference signal by diverting radiation from other 
locations as is discussed later with reference to the 
embodiment of Fig 19. In fact the preferred location is 
at or just after the output to the tuner 50 as 
measurements taken from that location suffer less noise 
generated by other components of the system. For example, 
amplifier distortion and/or phase shift through 
amplifier, phase shift through circulator and/or phase 
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shift through tuner. In further alternative embodiments 
the reference signal 255 may be generated by a separate 
local oscillator which is independent of the source of 
microwave radiation 1. 

The detector 100 detects the magnitude and phase of 
both the reflected signal 210 and the reference signal 
255. This information is then output to a tissue 
classifier 150 which classifies the tissue 6 as a 
particular tissue type (e.g. muscle, fat, cancerous 
tumour) and outputs the result to a display 160, which 
displays the tissue type. 

The detector 100 may comprise a processor, a vector 
network analyser, phase comparator and/or a heterodyne 
detection arrangement comprising one or more mixers and 
local oscillators. It may also be possible to have two 
separate detector units for the reference and reflective 
signals respectively, each outputting to the tissue 
classifier, rather than a single detector 100 as shown in 
Fig. 5. One possible configuration of the detector 100 
is shown in Fig. 5a. A switch 600 is switchable to take 
either the signal from input A or input B of the 
detector. The switch 600 is controlled by signal 610 
from controller 101 and can rapidly be switched between 
the two positions to get up to date information from each 
signal (i.e. the switch multiplexes the signals). Switch 
600 outputs the reflected 210 or reference 255 signal to 
a mixer 620 where it is mixed with a signal 630 having a 
frequency different to the frequency of the reference 255 
and reflected 210 signals (and therefore usually 
different to the frequency of the source of microwave 
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radiation 1) . The signal 630 may be derived from a local 
oscillator 640, which is shown as part of the detector 
100 in Fig. 5a but which will more usually be from an 
external source which inputs to the detector 100. In a 
preferred configuration the mixing down signal 630 is 
derived from the source of microwave radiation 1 (this is 
not shown in Fig 5, but is discussed later with reference 
to the embodiment of Figs 18 and 19) . The frequency of 
the signal 630 is chosen such that it mixes with the 
reflected signal 210 and reference signal 255 to produce 
a lower frequency signal which can be output to a digital 
signal processor 680 (e.g. a vector network analyser or 
phase comparator) . Between the output of the mixer 620 
and the digital signal processor 680 there is a low pass 
filter 640 for eliminating any high frequencies from the 
mixer, an amplifier 650 and an analogue to digital 
converter 660. The use of a mixer 620 together with 
signal 630 to produce an intermediate frequency which can 
be accepted by the digital signal processor has the 
advantage that signal accuracy can be maintained and 
noise levels kept relatively low. An alternative would 
be to use a frequency divider, but this would introduce 
more noise into the circuit and so is a less preferred 
option. The digital signal processor 680 calculates a 
complex impedance (having both real and imaginary 
components) on the basis of the input reflected and 
reference signals. The detector 100 outputs this 
information to the controller 101 and the tissue 
classifier 150. 

In Fig. 5 the digital signal processor 680 is shown 
as part of the detector 100 and the tissue classifier 150 
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is a separate component. However, they could be combined 
into a single component, for example a dedicated chip, or 
a program running on a computer, microprocessor or a 
FPGA, which may contain a logic DSP or microprocessor. In 
that case this combined functionality component would 
output to the controller 101. 

The tissue classifier 150 classifies the tissue 6 
into one of a plurality of different tissue types (e.g. 
fat, muscle, cancerous tumour) and is also able to detect 
when the probe is in air and not in contact with tissue 
on the basis of the complex impedance value output by the 
detector 100 (in the Fig 5a embodiment the value output 
by the digital signal processor 680 which is part of the 
detector) . 

The tissue classifier 150 classifies the tissue by 
comparing the above mentioned complex impedance value 
(which is representative of the tissue 6 at the end of 
the probe) with a table of predetermined values assigning 
complex impedances or ranges thereof to specific tissue 
types. These predetermined values can be determined 
empirically or calculated theoretically on the basis of 
the known impedances of tissue types measured ex-vitro 
under controlled conditions. Physical properties of 
tissue; a comprehensive reference book by France A Duck 
and published by Academic Press London in 1990 (ISBN 0- 
12-222800-6) provides data from which such theoretical 
values could be calculated in Chapter 6. 

It is expected that ex-vitro measurements of tissue 
carried out under controlled conditions will differ from 
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values obtained in practice by in vivo measurements, due 
to blood flow, the nature of the apparatus etc. However, 
it is expected that there will be a relationship between 
the theoretical and actually measured values. Thus the 
5 tissue classifier may determine the tissue type on the 

basis of an empirical relationship between a first set of 
data comprising known or theoretical values from 
references such as the above mentioned book and a second 
set of values comprising actual complex impedances 
10 measured in practice by the present apparatus or another 

similar apparatus according to the present invention. 
Once a few measurements have been made this predetermined 
relationship can be used in any apparatus. 

15 Before use the apparatus is calibrated by measuring 

a known impedance at the distal end 5a of the probe (this 
may for example be air) . t The measured complex impedance 
is compared to an expected value (e.g. in the second data 
set or above-mentioned table) and future measurements are 

20 referenced to this calibration measurement. Preferably 

at least two substances of known complex impedances are 
used for the calibration (e.g. air and a foam of known 
complex impedance; the foam surrounding a tip of the 
probe during calibration) . 

25 

Fig. 7 shows complex impedance measurements of air, 
lard, oil, jelly, egg, pork, liver and water (at the end 
of the probe) made by an apparatus in accordance with the 
present invention. These materials were stacked together 
30 one after the other and in contact with each other. The 

measurements were taken by inserting the probe 
sequentially through the materials so that it penetrated 
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them transversely. As the probe reached each material, 
microwave radiation was injected through the probe, and 
the complex impedance of that material was calculated 
from the reference and reflected signals when the distal 
5 end of the probe was in that material. 

Fig 21 shows an example in which there are four 
different materials 2001, 2002, 2003 and 2004, stacked 
together and in contact with each other. The probe 5 is 

10 inserted transversely into the materials in direction 

shown by arrow 2010 so that it penetrates through the 
materials sequentially. Microwave radiation is delivered 
to the material at the probe's distal end 5a (e.g. into 
material 2002 when the probe is in the position shown in 

15 Fig 21) and measurements of that material taken. In this 

way each material can be measured in turn and the 
operator can tell from the measurements, what type of 
material is at the distal end of the probe and whether it 
is safe and appropriate to ablate or not (e.g. whether or 

20 not the distal end of the probe is in cancerous tissue) . 

In the experiment, it was found that it was still 
possible to get repeatable impedance measurements for 
each material type even though they were not isolated 

25 from each other. The measurements are given both in the 

conventional complex impedance format (R+Jxohms) , polar 
coordinates giving the magnitude and phase and Cartesian 
coordinates as well. The different materials have been 
split into groups a) containing air, b) containing lard 

30 and oil (high in fat), c) containing jelly and d) 

containing egg white, pork, liver and water. The complex 
impedances measured of these different groups of 
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substances are widely spaced showing that clear 
differentiation between them is possible. Two sets of 
measurements were taken and are shown in tables A and B 
respectively. The specific values in tables A and B are 
different because a different tuner setting and different 
probe were used, but the distribution of the phase is 
similar, and therefore the differences could be 
compensated for easily by calibration of the system. 

In general, it is necessary to adjust the impedance 
tuner setting so that the system has optimum phase and 
amplitude sensitivity (at some* tuner settings the 
detector is able to resolve amplitude, but not phase, 
other settings are better for phase; the aim is to get a 
setting which is good for both phase and amplitude 
measurements) . The optimum setting will be different for 
each probe. Therefore the apparatus has a calibration 
routine in which the probe is automatically calibrated 
and the optimum tuner setting determined when the probe 
is attached to the apparatus. Calibration may be 
performed by making measurements at different tuner 
settings against a known load or loads (e.g. air and/or a 
foam cap placed on the probe) . 

The values of Fig. 7, table A are shown on a Smith 
chart in Fig. 8. Smith Charts are widely used in 
microwave engineering. The values on the Smith charts in 
Figure 8 are normalised to 50 ohms, but as will be 
understood by a person skilled in the art, it would be 
possible to normalise to a different value. It can be 
seen that the measurements for lard, oil, air, jelly and 
pork are widely spaced. Fig. 9 is an enlargement of a 
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portion of the Smith chart of Fig. 8 and shows the 
distribution of the values in group d) more clearly. 
Fig. 10 shows the measurements of the same substances 
made using the same apparatus but a different probe and 
tuner setting. Fig 10 corresponds to the values in table 
B of Fig. 7. The values in the Smith chart Fig 10 are 
normalised to 50 ohms, but as will be understood to a 
person skilled in the art, it would be possible to 
normalise to a different value. As in Fig 8, a 
significant difference between the different groups of 
materials is readily apparent. Fig. 11 is an enlargement 
of a portion of the Smith chart of Fig. 10. 

Fig 12. shows a table C giving complex impedance 
values measured with yet another probe. The format is 
the same as for the tables of Fig. 7. Fig. 13 is a 
portion of a Smith chart on which the complex impedance 
values of Fig. 12 are plotted. It can be seen that the 
complex impedance values for water, liver, pork and egg 
are clearly distinguished on this chart. Fig. 14 
contains table D which has another set of measurements 
made with an apparatus according to the present 
invention. The format is the same as for Fig. 7. Fig. 
15 shows a portion of a Smith chart on which the complex 
impedance values of Fig. 14 are plotted. Again a 
separation can be seen between the complex impedance 
values from the chart for water, liver, pork and egg. 

Fig. 6 shows a second embodiment of the present 
invention, which is similar to the first embodiment of 
Fig. 5. Like reference numerals indicate like parts and 
only the differences will now be described. The main 
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difference is that different frequencies of microwave 
radiation are used for ablation and tissue 
measurement /classification . 

Thus, there is a second source of microwave 
radiation 700 having a frequency f 2 , different to the 
frequency f 1 of the first source of microwave radiation 1. 
This second source of microwave radiation may be phase 
locked to a particular frequency. The frequency fi is 
used for ablation of tissue. The frequency f 2 is used to 
measure or classify tissue. Generally the second source 
of microwave radiation 700 will have a relatively low 
power (compared to first source 1) because it should not 
ablate tissue, but merely interact with the tissue to 
provide a measurement. 

The signal from the second source of microwave 
radiation 700 has a frequency of f 2 and is amplified by 
amplifier 740 and then passed through circulator 750 and 
band filter 730 to probe 4 via a bi-directional coupler 
200a. The signal is reflected back through the probe 4 
to a third input C of detector 100, via the coupler 200a, 
band rejection filter 720 and narrow band coupler 730. 
The narrow band coupler 720 may be a high Q reverse 
directional coupler. Its purpose is to prevent signals of 
frequency f x (from the first source of microwave radiation 
1) reaching third and fourth inputs C, D of detector 100. 

A forward directional coupler 780 diverts a portion 
of the signal from the second source of microwave 
radiation 700 along path 755 to a fourth input D of 
detector 100. The reflected and reference signals 710, 
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755 sent to inputs C and D of detector 100 are used to. 
classify the tissue type in the same way as inputs to A 
and B in the Fig 5 embodiment. The rest of the circuit is 
the similar to Fig 5, except that the radiation from the 
first source of microwave radiation 1 is used for 
ablation only and the reference and reflected signals at 
inputs A and B of detector 100 are used only to determine 
the appropriate tuning of impedance adjuster 50. 

In the primary arrangement shown in Fig 6 the 
coupler 780 is positioned between the amplifer 740 and 
the second source 700. Alternatively a coupler could be 
positioned near the output of the circulator 750 , as 
shown in the dotted lines 765 in Fig 6, and used to 
provide the reference signal 755 to input D; this has the 
advantage that the signal does not suffer from distortion 
and phase shift caused by amplifier 740 and additional 
phase shift caused by the passage of the signal from port 
one to port two of circulator 750. The circulator 750 
prevents reflected signals at the second frequency f 2 from 
feeding back into the amplifier 740 and causing damage to 
the amplifier's output stage. The coupler 200a acts as a 
bi-directional element allowing said second frequency to 
propagate to the distal end of the probe 5a and also to 
enable the reflection signal from the probe to be 
detected. A tuner 7 60 may be provided between the 
circulator 750 and the band rejection filter 720 in order 
to allow impedance adjustments, which can optimise the 
measurement sensitivity of the probe. 

It is envisaged that in the Fig 6 arrangement only 
one of the sources of microwave radiation 1, 700 will be 
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switched on at any one time. So when first source 1 is 
switched on the apparatus is in ablation mode; and when 
second source 700 switched on, the apparatus is in 
measurement or tissue classification mode. It would 
however be possible to have the second source 700 
switched on at all times in order to allow measurement to 
be carried out continuously, even when ablation was being 
carried out. In that case it would be desirable to have a 
band rejection filter 770, configured for preventing the 
passage of frequency f 2 , positioned between the output of 
tuner 50 and the second input B of detector 100 in order 
to prevent frequency f 2 from reaching input B. 

It is of course also possible to have an ablation 
and tissue classification apparatus with a single source 
of microwave radiation and a variable amplifier or 
attenuator used to vary the signal amplitude between 
tissue classification levels. However, the Fig 6 
embodiment has the advantage that different frequencies 
can be used for tissue ablation and tissue 
classification. This makes it possible to select a 
particular frequency for tissue classification which will 
give optimum response due to the characteristics of the 
tissue being looked for (some tissues will give a peak 
response at certain frequencies) . It also makes it 
possible to carry out ablation and classification 
simultaneously as different frequencies are used for 
each. 
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The tissue classification system of Figs. 18 and 19 
may also act as a tissue ablation system as well as a 
tissue classification system. 

In that case the apparatus has a tissue 
classification mode and a tissue ablation mode. In the 
tissue ablation mode a signal having sufficient amplitude 
to ablate the tissue is directed through the probe 5, and 
the controller 101 and actuator 1130 are used to 
dynamically match the impedance of the apparatus to the 
tissue 6 being ablated so that energy reflection back 
into the system is minimised. In the tissue 
classification mode a lower power signal is directed 
through the probe 5 and the impedance of the impedance 
tuner 50 is fixed to provide a stable reference point 
against which the complex impedance measurements can be 
taken. The apparatus may be switched quickly back and 
forth between the tissue ablation and tissue 
classification modes. Any suitable actuation method may 
be used for actuating the tuner, for example linear 
motors, moving coil arrangements, stepper motors, piezo 
electric actuators or magnetostrictive actuators. This 
list is not exhaustive and other possibilities will be 
apparent to a person skilled in the art. 
Magnetostrictive actuation is in itself inventive and 
this will now be discussed in more detail. 

Fig. 16 shows an actuation system for an impedance 
tuner which could be used with the tissue classification 
system and/or ablation system described above or in any 
apparatus which requires actuation of an impedance tuner 
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for microwave radiation. It may be u'sed in a medical 
apparatus or a non-medical apparatus. 

The impedance tuner shown in Fig. 16 is a triple 
stub tuner and comprises an enclosure 831 containing a 
tuning cavity 835 in to which three tuning rods 820, 825, 
830 are extendable to variable degrees. The tuning rods 
820, 825, 830 are made from brass in this embodiment, 
other suitable materials will be apparent to a person 
skilled in the art. The complex impedance of the 
impedance tuner 50 is varied by varying the degree to 
which any or all of the tuning rods 820, 825, 830 extend 
into the tuning cavity 835. It will be apparent to a 
person skilled in the art, that the actuation system can 
be applied not only to triple stub tuners, but also to 
other types of impedance tuners having actuatable 
elements . 

The actuation system comprises a rod of 
magnetostrictive material 800, which is positioned at 
least partially inside a housing 810 and one end of which 
is coupled to one of the tuning rods 820. The 
magnetostrictive rod 800 is preferably made from 
terfenol-D. The housing 810 is made from a non-magnetic 
metal material or plastics material; it has an internal 
bore which receives and forms a tight interference fit 
with the magnetostrictive rod 800. 

There are a plurality of current windings, Ci to C n 
{only the first six and last of these being shown in Fig. 
13), generally indicated by reference numeral 860, around 
the exterior of the housing 810 and the magnetostrictive 
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rod 800. Each set of current windings Ci, C 2 etc is 
connected to a respective current source 840, 841, 842, 

843, 844, 845 850. In this embodiment the current 

sources take the form of fast amplifiers, which are 
controlled by the actuation controller 1130. The 
actuation controller 1130 may take the form of a FPGA or 
any electronic hardware configured or programmed to 
effect suitable actuation of the magnetostrictive rod 800 
via the restrictive current sources. 

Although not shown in Fig 15, the other rods 825 and 
830 are each coupled to their own respective actuation 
systems which are identical to the system described above 
and below for tuning rod 820. 

In use, the controller 1130 causes the current 
sources to pulse the current ' through one or more of the 
respective coil windings 860. These current pulses 
through the windings generate a magnetic field causing 
the magnetostrictive material in the rod 800 to expand 
longitudinally, and consequently the tuning rod 820 can 
be moved further in to the tuning cavity 835. The other 
tuning rods 852 and 830 are also controlled in a similar 
fashion by respective current sources linked to the 
controller 1130, but for clarity this is not shown in 
Fig. 16. 

An advantage of having a separate current source for 
each winding C lf C 2 , etc is that the rate of change of 
current is limited and so the response time us kept 
short, also by having a small number of windings for each 
current source the inductance is kept small and so it is 
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possible to switch current through the coils faster and 
the induced voltage is limited. 

The housing 810 forms a tight interference grip with 
the magnetostrictive rod 800, but the rod 800 is able to 
move within the housing when a current (magnetic) pulse 
causes it to expand. Thus, the magnetostrictive rod 800 
is able to n crawl r ' forwards and backwards within the 
housing and this is explained with reference to Figs. 
17 (a) to 17 (e) . 

The magnetostrictive rod 800 is shown in an initial 
position in the housing 810 in Fig. 17(a). The tuning 
element 820 is mounted on the end of the magnetostrictive 
rod 800 as in Fig. 16. Fig. 17(b) shows the situation 
when a current pulse through one or more of the windings 
860 surrounding the magnetostrictive rod 800 produces a 
magnetic field causing it to expand in the direction 
shown by arrow 870. The tuning rod 820 is therefore 
pushed further into the tuning cavity 835 (not shown in 
Fig. 17). Fig. 17(c) shows the situation after the pulse 
has passed and the magnetostrictive material 800 relaxes 
back to its former length. The front of the rod 800a is 
tightly gripped by the housing 810. The grip at this end 
of the rod is tighter than that at the back end 800b 
because the rod has just expanded in this direction. 
Therefore when the magnetostrictive rod 800 resumes its 
original length the back of the rod 800b moves forward 
towards to tuner end of the housing 810 as shown by arrow 
875. Thus the magnetostrictive rod 800 is moved forward 
within the housing 810. By continuing this process it is 
possible to effect a large degree of movement of the 
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tuning rod 820 even if the magnetostrictive rod 800 (the 
actuator) is relatively short. 

By reversing the polarity of the current pulses (and 
5 therefore reversing the polarity of the magnetic field 

produced) , it is possible to get the magnetostrictive rod 
800 to expand in the opposite direction. This is shown 
in Fig. 17(d). In this case it is the rear end 800b of 
the rod 800 which moves backwards in the housing 810 away 

10 from the tuner 50, in the direction shown by arrow 880, 

when the magnetic field is applied. Subsequently, once 
the pulse has passed, the magnetostrictive rod 800 
relaxes to its former length and as the rear end 800b is 
tightly gripped it is the front end 800a which moves 

15 backwards in the housing 810 away from the tuner 50 in 

the direction shown by arrow 885. In this way the length 
of the tuning rod 820 extending into the tuning cavity 
835 can be reduced. By repeating this operation it is 
possible to move the tuning rod 820 a relatively large 

20 distance even if the length of the magnetostrictive 

element 800 itself is relatively small. 

It will be appreciated by a person skilled in the 
art that the actuation method described above can be 
25 applied not only to triple stub tuners, but also to 

double or single stub tuners, phase shifters and other 
types of impedance tuner, especially impedance tuners 
which have one or more actuatable elements which are 
moved linearly in order to vary the impedance. 

30 

Another embodiment of the present invention will now 
be described with reference to Figs 18 and 19. This is 
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similar to the embodiment of Fig. 5 except that the 
mixing down signal is derived from the source of 
microwave radiation. There are also some more complex 
additions to the circuitry, which provide a greater 
variety of reflected and reference signals, on the basis 
of which to calculate the complex impedance of tissue, 
and other components for allowing the apparatus to 
operate efficiently in both tissue classification and 
tissue ablation modes. 

Fig. 18 is a simplified system diagram of a tissue 
ablation and classification apparatus according to this 
embodiment of the present invention. The apparatus 
comprises a stable source of microwave radiation 1 
connected to a probe 5 along a first pathway 100. The 
source may, for example be as any one described 
previously and shown in Figs. 3, 4 or 5. The pathway has 
an amplifier circuit 2, circulator 40 and impedance tuner 
50 in that order between the source and the probe 5. The 
distal end of the probe 5a can be inserted into tissue 6, 
which is to be classified or ablated. The probe 5 has a 
flexible cable assembly 5b for attachment to the rest of 
the apparatus, e.g. the impedance tuner 50. A second 
pathway 110 is coupled to the source 1 and delivers the 
signal to a first input 151 of a first mixer-lSO. The 
second pathway 110 has various electronic components 
indicated generally by box 110a. A third pathway 130 
conveys a portion of forward and/or reflected microwave 
radiation which has been diverted from the second 
pathway, to the second input 152 of mixer 150. Forward 
directed radiation is radiation travelling from said 
source to said probe 5, reflected radiation is radiation 
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reflected by the tissue 6 back through the probe 5. As 
the microwave frequencies input into the first 151 and 
second 152 inputs of mixer 150 differ, the resultant 
frequency from the output 153 of the first mixer 150 will 
be in a lower, e.g. in the MHz range which can be 
accepted by digital processor 65 connected to the output 
of the first mixer 150, e.g. 10 to 250 MHz • Processor 65 
is capable of determining both the magnitude and phase of 
the input signal and corresponds generally to detector 
100 of the Figure 5 embodiment. Information relating to 
the magnitude and phase of the input signals can be used 
by controller 101 to determine an appropriate adjustment 
of the complex impedance of the impedance tuner 50 to 
match the impedance of the apparatus to that of the 
tissue 6 being ablated, when the apparatus is in ablation 
mode . 

A phase locked loop is formed on the second pathway 
between the source and the first mixer, to lock the 
frequency of the signal input to the first mixer to that 
of the source 1. This loop comprises a second mixer 22 
having a first input 221 coupled to the source of 
microwave radiation 1 and an output 223 to a forward path 
of a phase locked loop leading to the first input 151 of 
first mixer 150. A feedback path of the phase locked 
loop is formed by a fourth pathway 140 which diverts a 
portion of the radiation from the first input 151 of the 
first mixer to the second input 222 of the second mixer. 
The phase lock loop is described in more detail later- 

Reflected radiation travels through the probe 5 and 
down a third pathway 130, including channels A and B, 
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switch box 36 and variable attenuator 42 (and/or for a 
variable gain amplifier not shown in Fig. 18) to the 
second input 152 of the first mixer 150. 

The third pathway includes two separate channels A 
and B in a first portion, which leads from the first 
pathway to a switchbox 36. Channel A channels forward 
directed radiation from the first pathway 100 to switch 
box 36 (in this example the radiation is picked up before 
the circulator 40). Forward directed radiation could 
also be measured after the circulator and before the 
tuner or after the tuner; after the tuner is the 
preferred location. The switch box 36 is controlled by 
controller 101 to direct either the forward directed 
radiation from path A or the reflected radiation B 
through switch box output 37, via the variable attenuator 
42, to second input 152 of the first mixer 150 (e.g. by 
time multiplexing so the processor 65 can receive 
information from both) . By using information from both 
these pathways, pathway A in effect provides a reference 
signal to compare the reflected signal pathway B against, 
and the tissue classifier 66 can classify the tissue 6 
into one of a plurality of tissue types. Whether the 
radiation sent to the second input 152 is forward 
directed or reflected radiation, it is mixed with the 
signal from the second pathway 110 so that the output 
signal 153 is at a lower frequency readable by the 
processor 65 via an ADC (not shown in Fig. 3) . The 
variable attenuator 42 (and/or a variable gain amplifier 
not shown in Fig. 3) is controlled to a level acceptable 
by the first mixer 150 where necessary. 
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The apparatus will now be described in more detail 
with reference to Fig. 19. 

In this embodiment the source of microwave radiation 
5 1 comprises a voltage controlled oscillator controlled by 

a phase locked loop including a local oscillator 3, a 
phase locked loop integrated circuit 4 and a loop filter 
7. The phase locked loop is employed to provide a stable 
output frequency from the voltage controlled oscillator 

10 la. In this embodiment the voltage controlled oscillator 

(VCO) is controlled to output a fixed frequency of 
14.5GHz, but it will be understood by a person skilled in 
the art that other microwave frequencies could be chosen 
or that the phase locked loop and VCO may be tuneable to 

15 provide a different frequency. Radiation from the source 

of microwave radiation 1 is sent along a first pathway 
100 to probe 5 where it is directed into a patient having 
tissue 6. Along the first pathway there is a first 
attenuator 8, a first preamplifier 9, a forward coupler 

20 10, a second attenuator 11, a variable gain amplifier 12, 

a third attenuator 13, a second preamplifier 14 and a 
power amplifier 15. This makes up an amplification part 
of the system. Also on the first pathway, between the 
aforementioned amplification components and the probe 5 

25 are an isolating device 40 (e.g. a circulator) and an 

impedance tuner 50 having a variable complex impedance. 
The isolating device 40 acts to prevent reflected 
radiation from entering . the amplification part of the 
circuit and redirects any reflected radiation to a dump 

30 load 41. The impedance tuner 50 has an impedance which 

can be varied by controller 101 on the basis of the 
signal received from the mixer 150 and processed by the 
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processor 65. The controller 101 is configured to 
control the impedance tuner 50 so that the complex 
impedance of the apparatus matches that of the tissue 6 
being ablated. This impedance matching can be carried 
5 out dynamically to minimise reflection of energy even 

when the complex impedance of the tissue 6 changes . 

The second pathway 110 will now be described. The 
second pathway 110 is between a second mixer 22 and a 

10 first mixer 150. The second mixer 22 has a first input 

221 which is coupled to the source of microwave radiation 
1 via said first forward directed coupler 10 and a 
attenuator 21. The mixer 22 also has a second input 222 
and an output 223. The apparatus is configured so that 

15 the frequency input into the second input 222 will 

generally be different; in this embodiment 14.45GHz is 
given as an example, to the frequency of the source of 
microwave radiation. As a result, a lower frequency, in 
this embodiment 50MHz, is output from the output 223 of 

20 the second mixer along a forward path 110 of a phase 

locked loop which leads to first input 151 of first mixer 
150. 

The signal from output 223 of the second mixer 22 is 
25 passed through a low pass filter 23 to remove any high 

frequency components from the mixing process e.g. the sum 
frequency. The signal then passes to the input of a 
phase detector 24. The phase detector may, for example 
be an EXOR gate, but other possibilities will be apparent 
30 to a person skilled in the art. The phase detector 24 
compares the phase of the input signal with that of a 
stable local oscillator 25. The local oscillator 25 in 
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this embodiment is a temperature compensated crystal 
oscillator with low drift (e.g. lpmm with temperature); 
in this embodiment its frequency is 50MHz, but other 
frequencies could be used. The phase detector 24 outputs 
5 a control signal to a voltage controlled oscillator 27 

via a loop filter 26 and DC offset adjuster. The loop 
filter and DC offset adjuster adjusts the output of the 
voltage controlled oscillator 27 and may add and/or 
offset the input voltage to VCO 27, where necessary to 

10 provide a signal which can be used to control the voltage 

controlled oscillator 27. The control signal is such 
that the voltage controlled oscillator 27 adjusts its 
output on the basis of the phase difference between the 
stable crystal oscillator 25 and the output of the mixer 

15 22, to produce a desired frequency from the voltage 

controlled oscillator 27. The voltage controlled 
oscillator f s output is output via attenuator 28 and 
amplifier 29 to first input 151 of first mixer 150. Some 
of the signal sent to the first input 151 is diverted by 

20 coupler 30 along a feed back path 140 which leads to the 

second input 222 of the second mixer 22. The feed back 
path 140 has an attenuator 41, amplifier 42 and 
attenuator 4 3 between the coupler 30 and the second mixer 
22. 

25 

As the signal input to the first input 151 of the 
first mixer 150 is locked to the source of microwave 
radiation 1, any change in frequency in the source will 
cause a change in the frequency input to the first input 
30 of said first mixer and so the difference between the two 
and therefore the intermediate frequency output from the 
mixer will be constant. 
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The third pathway 130 comprises a plurality of 
channels A, B, C, D and E leading from respective forward 
and reverse directed couplers 16, 17, 18, 19 and 20 on 
the first pathway to respective terminals of a switching 
device 36 and a path from the switching device to the 
second input 152 of the first mixer 150. Each pathway A 
to E has a respective attenuator 31, 32, 33, 34, 35. The 
switching device 36 is controlled by the controller 101 
to direct a signal from one of the channels A to E 
through output 37 toward second input 152 of the first 
mixer 150. Couplers 16, 17 and 19 are forward couplers 
and so channels A, B and D channel forward directed 
radiation from the first pathway to the switching device 
36. Couplers 18 anci 20 are reverse couplers and channels 
C and E channel reflected radiation to the switching 
device 36. Usually controller 101 will control the 
switching device 3 6 to sequence through inputs A to E in 
turn so that one signal at a time can be analysed (i.e. 
time multiplexing) . A FPGA is preferred, as the 
processor 65 is due to the first response required to 
switch between channels and make the phase measurements. 
The forward directed radiation channels provide reference 
signals, which can be used together with one or more 
reflected radiation signals from the reflected radiation 
channels to determine the complex impedance of the load 
or tissue at the end of the distal end of the probe 
and/or to classify the tissue; this is discussed in more 
detail a bit later. 

The signal sent through output 37 of the switching 
device 36 passes through a coupler 38, a variable 
attenuator 42, variable amplifier 43 and (fixed value) 
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attenuator 44 before reaching second input 152 of the 
first mixer 150. The coupler 38. directs a portion of the 
signal to a magnitude (amplitude) detector 39, which then 
outputs a control signal to the controller 101 for 
controlling the level of attenuation or the level of 
amplification of variable attenuator 42 or variable 
amplifier 43. The control signal may be sent to 
controller 101 via a buffer amplifier 41. The control 
signal may simply be information relating to the detected 
magnitude. The controller 101 then controls the 
attenuation of the variable attenuator 42 or gain of the 
variable amplifier 43, on the basis of said control 
signal from the amplitude detector 39, so that the signal 
input to second input 152 of mixer 150 is within a 
predetermined power band which can be accepted by the 
first mixer 150. This is necessary, because otherwise 
the signal input to the first mixer could vary widely 
between when the apparatus is used in an ablation mode 
(high power, low attenuation at amplifier 12) and tissue 
classification mode (low power) . As the attenuator 42 is 
a continuously variable, the output signal can be kept at 
a fixed power if necessary. 

An analogue to digital converter 640 is provided 
between the output 153 of the first mixer 150 and the 
processor 65. Processor 65 is configured to determine 
the complex impedance of the tissue 6 on the basis of the 
input signals (from pathways A to E and first mixer 150). 
It then communicates this information to controller 101, 
which controls the impedance tuner 50 and/or other 
elements of the circuit on the basis of this information. 
The processor 65 also outputs this information to tissue 
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classifier 66, which uses the detected complex impedance 
to classify the tissue into a tissue type; preferably the 
tissue classifier 66 is part of the processor 65. While 
processor 65, controller 101 and tissue classifier 66 
have been shown as separate components in Fig. 3 and 4 it 
will be understood that they can be combined into a 
single component, for example a program running on a 
computer, microprocessor or a FPGA, which may contain a 
logic DSP or microprocessor. 

More specifically, the tissue classifier 66 
classifies the tissue 6 into one of a plurality of 
different tissue types (e.g. fat, muscle, cancerous 
tumour) and is also able to detect when the probe is in 
air and not in contact with tissue on the basis of the 
complex impedance value output by the processor 65. 

In a preferred configuration the processor 65 
calculates a complex impedance value which is 
representative of the tissue 6 at the end of the probe, 
on the basis of the amplitude and phase of the reference 
signals (channel A, B or D) and reflected signals 
(channels C or E) ; and the tissue classifier 66 
classifies the tissue 6 at the end of the probe by 
comparing this calculated complex impedance value with a 
table of predetermined values assigning complex 
impedances or ranges thereof to specific tissue types. 
While only one reference and one reflected signal is 
needed, the introduction of more channels enables the 
complex impedance characteristics of the apparatus to be 
measured and so this information can be used to provide 
more accurate tissue measurement and classification 
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information. The predetermined values can be determined 
empirically or calculated theoretically on the basis of 
the known impedances of tissue types measured ex-vitro 
under controlled conditions. Physical properties of 
tissue; a comprehensive reference book by Francis A Duck 
and published by Academic Press London in 1990 (ISBN 0- 
12-222800-6) provides data from which such theoretical 
values could be calculated in Chapter 6. The tissue 
classification on the basis of the detected complex 
impedance is the same as classification described above 
with reference to Figs, 5 to 15. 

A possible configuration of the probe assembly 5, 5a 
will now be described in more detail. It is to be 
understood that any probe capable of delivering radiation 
to the tissue and receiving the reflected radiation can 
be used with the present invention. In addition the probe 
should be capable of being inserted into tissue (either 
directly or via a tube) . Therefore, the following 
arrangements are given by way of example only, and are 
not intended to limit the present invention. Alternative 
arrangements will be apparent to a person skilled in the 
art and still within the scope of the appended claims. 

Fig. 22(a) illustrates a preferred structure for the 
probe 5. The probe 5 is coaxial. It has an outer jacket 
or casing 505, preferably made from stainless steel, to 
provide rigidity to enable the probe to be pushed through 
tissue layers without the need for a trocar or insertion 
tube. In this example, the diameter 510 of the outer 
jacket 505 is 3mm or less (8 French or lower), and the 
length between 20mm and 200mm; preferably 120mm. In this 
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embodiment the outer jacket is made of metal and acts as 
the outer conductor. The inner conductor is made from any 
appropriate material, e.g. stainless steel, silver coated 
stainless steel or silver coated copper. A dielectric 
530, separates the inner conductor 515 from the outer 
conductor 505. Preferably the dielectric is a low loss 
material (at the GHz frequency) . The dielectric 530 is 
used to ensure that a fixed characteristic impedance 
(e.g. 50Q) is maintained throughout the co-axial 
structure and to ensure that the inner and outer 
conductors cannot be shorted together. The value of 
characteristic impedance is governed by the ratio of the 
inner diameter 510 of the outer conductor 505 and the 
outer diameter 525 of the inner conductor 515, and the 
value of relative permittivity of the dielectric material 
530 between said conductors. The dielectric material 530 
also increases the voltage breakdown capability of the 
structure. It is preferable to use a low loss dielectric 
material with a low relative permittivity; suitable 
materials include: low density PTFE, expanded PTFE and 
tape wrapped PTFE. 

A cone 520 is fitted to the distal end of the probe. 
This allows the probe to be pushed through the tissue 
layers with relative ease. The cone 520 is made from a 
rigid dielectric material that has a low loss factor at 
14.5GHz. Suitable materials for the cone include 
microwave ceramics, in this example a high temperature, 
low loss plastic known as ECCOSTOCK HiK500F, available 
from Emerson and Gumming Microwave Products is used. 
Preferably the cone material exhibits a relative 
permittivity of between 3 and 30. 
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In the embodiment shown in Fig. 22, the inner 
conductor 515 protrudes through the end of the cone 520. 
This feature is especially advantageous where the 
invention is to be used for both treatment and 
5 measurement since it has been found that exposure of the 

inner conductor provides optimal measurement sensitivity. 
Other possible configurations include: an inner conductor 
formed as an H-field loop inside cone and inner conductor 
fully inside cone. 

10 

The cone 520 and the end of the outer jacket 505 are 
coated to prevent ingress of fluid or tissue inside the 
probe. The coating may be any suitable material, Parylene 
C material is used in this embodiment. 

15 

The probe 5 is connected to a co-axial cable 540 
assembly using a connector 535, e.g. an SMA series 
microwave connector, as shown in Fig. 22 (b) . 
Alternatively the probe 5 may be integrated to a cable 
20 assembly, as shown in Fig. 22(c). Fig. 22 (a) is an 

enlarged and detailed view of the parts of Figs. 22(b) 
and 22(c) which are ringed in dotted lines. 

It would also be possible to use a semi-rigid probe 
25 instead of the rigid probe described above. Such probes 

can be inserted down an endoscope tube, a cannula, a 
trocar or other tube inserted through the body. In some 
cases they may also be inserted directly into the 
biological system or through tissue that presents no, or 
30 very little, physical resistance. The details are similar 

to those described above except the probe is not so rigid 
and thus different materials may be used, for example the 
outer jacket could be made from aluminium, the inner 
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conductor from silver coated copper wire and the 
dielectric from tape wrapped T-PTFE . 

Typical applications for the apparatus described in 
5 this application include the treatment and detection of 

breast, brain and liver tumours. It can also be used for 
certain heart procedures and detection and treatment of 
Desmoid tumours (benign fibrous neoplasms originating 
from the musculoaponeurotic structures throughout the 
10 body) . Other possibilities will be apparent to a person 

skilled in the art. 
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Claims 

1. A tissue classifying apparatus comprising a source 
of microwave radiation having a given frequency, 

5 a probe for directing the microwave radiation into 

tissue; 

a detector for detecting the magnitude and phase of 
a reflected signal comprising microwave radiation 
reflected back through said probe and the magnitude and 
10 phase of a reference signal; and 

a tissue classifier for classifying the tissue into 
a tissue type or tissue state on the basis of the 
magnitude and phase of the signals detected by said 
detector . 

15 

2. A tissue classifying apparatus according to claim 1 
wherein the probe is designed for insertion into tissue. 

3. A tissue classifying apparatus according to claim 1 
20 or claim 2 wherein the reference signal is derived from 

the source of microwave radiation. 

4. A tissue classifying apparatus according to any of 
the above claims wherein the source of microwave 

25 radiation is phase locked to a single frequency. 

5. A tissue classifying apparatus according to any one 
of the above claims wherein the tissue classification is 
carried out on the basis of a complex impedance 

30 calculated from the magnitude and phase of the reflected 

and reference signals and a first set of data relating to 
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known or theoretical values for the complex impedance of 
one or more tissues types. 

6. A tissue classifying apparatus according to any one 
of the above claims wherein the tissue classifier is 
arranged to classify tissue by comparing the measured 
complex impedance with values in a table assigning 
predetermined values or ranges of values to different 
tissue types. 

7. A tissue classifying apparatus according to any one 
of the above claims further comprising a mixer having 
first and second inputs and an output, the first input 
being coupled to a pathway for conveying said reflected 
signal to the mixer, the second input being coupled to a 
pathway for conveying a mixing down signal to the mixer 
and the output being coupled to the detector. 

8. A tissue classifying apparatus according to any one 
of the above claims wherein the mixing down signal is 
derived from the source of microwave radiation. 

9. A tissue classifying apparatus according to any one 
of the above claims wherein the pathway for delivering 
the mixing down signal to said mixer comprises a phase 
locked loop for controlling the frequency of the mixing 
down signal on the basis of the frequency of the source 
of microwave radiation. 

10. An apparatus according to any one of the above 
claims further comprising an impedance adjuster having an 
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adjustable complex impedance, said impedance adjuster 
being located between said source and said probe. 

11. An apparatus according to any one of the above 
5 claims wherein there is a cable coupling the probe to the 

source of microwave radiation and the detector, said 
cable having a phase stability of +/- 5 degrees at the 
frequency of the source of microwave radiation. 

10 12. An apparatus according to claim 11 wherein the cable 

is connected to an impedance adjuster having an 
adjustable complex impedance, said impedance adjuster 
being located between said source and said probe. 

15 13. An apparatus according to claim 12 wherein the 

apparatus is capable of both ablating tissue and 
classifying tissue . 

14. An apparatus according to claim 13 wherein the 

20 apparatus has an ablation mode for ablating the tissue 

and a tissue characterising mode for classifying the 
tissue; and being arranged such that when in the ablation 
mode the apparatus delivers a higher amplitude of 
microwave radiation to the tissue, than when in the 

25 tissue classification mode. 

15. An apparatus according to claim 14 further 
comprising (i) a variable amplifier for amplifying the 
reflected microwave radiation before it reaches the 

30 detector when the apparatus is in the tissue 

classification mode and/or (ii) a variable attenuator for 
attenuating the reflected microwave radiation before it 
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reaches the detector when the apparatus is in the tissue 
ablation mode. 

16. An apparatus according to any one of claims 13 to 
5 15 wherein the apparatus is arranged to direct a first 

frequency of microwave radiation to the probe when in the 
ablation mode and a second frequency of microwave 
radiation, different to the first frequency, to the probe 
when in the tissue classification mode. 

10 

17. An apparatus according to claim 16 wherein there is 
a cable coupling the probe to the source of microwave 
radiation and the detector, said cable having a phase 
stability of +/- 5 degrees at the frequency of the second 

15 source of microwave radiation. 

18. A tuner for use in a microwave circuit having 

at least one tuner element of adjustable length or 
position, the impedance of the tuner being variable by 
20 adjusting the length or position of said tuner element; 

an actuator comprising a piece of magnetostrictive 
■ material coupled to said at least one tuning element, so 
that changes in the length of said piece of 
magnetostrictive material changes the effective length of 
25 said tuning element or moves the position of said tuning 

element; 

and one or more sources of electric current 
connected to one or more coil windings surrounding at 
least a portion of said length of magnetostrictive 
30 material. 
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19. A tuner according to claim 18 wherein the 
actuator (s) and the tuning element (s) are separate 
components . 

20. A tuner according to claim 18 or 19 wherein the (or 
each) actuator has a plurality of sets of coil windings 
and a plurality of current sources and wherein each 
respective set of coil windings is connected to a 
respective current source. 

21. A tuner according to any one of claim 20 wherein 
each current source takes the form of a respective 
amplifier connected to a control circuit for controlling 
the current directed to each set of current windings. 

22. A tuner according to any one of claims 18 to 21 
wherein said magnetostrictive material comprises 
terf enol . 

23. A tuner according to claim 22 wherein said 
magnetostrictive material is terfenol-D 

24. A tuner according to any one of claims 18 to 23 
wherein said piece of magnetostrictive material is housed 
in a non-magnetic housing. 

25. A tuner according to any one of claims 18 to 24 
wherein the housing has an interference fit with the 
length of magnetostrictive material. 

26. A tuner according to any one of claims 18 to 25 
wherein the actuator is a moveable actuator in the form 
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of a rod of magnetostrictive material which is moveable 
along the bore of a housing, with which it has an 
interference fit, by pulsing of a magnetic field. 

5 27. A tuner according to claims 18 to 26 wherein the 

tuning elements are tuning rods of a stub tuner and each 
rod is coupled to a respective magnetostrictive actuator. 

28. A tissue ablation or measurement apparatus 

10 comprising a source of microwave radiation, a probe for 

directing the microwave radiation into the tissue to be 
ablated, a detector for detecting the magnitude and phase 
of microwave radiation reflected back through the probe 
and an impedance tuner between the probe and the source, 

15 wherein the impedance tuner comprises one or more rods 

which are actuated by one or more actuators comprising 
magnetostrictive material. 

29. A tissue ablation or measurement apparatus according 
20 to claim 28 wherein the impedance tuner is a tuner 

according to any one of claims 18 to 27. 

30. A tissue ablation or measurement apparatus according 
to claim 28 or 29, having a controller arranged to adjust 

25 the actuator (s) to adjust the impedance of the tuner on 

the basis of the detected phase and magnitude of the 
reflected microwave radiation. 

31. A method of classifying tissue comprising the steps 
30 of a) inserting a probe into tissue to be classified, b) 

directing microwave radiation through said probe into the 
tissue, c) classifying the tissue type or tissue state 
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based on the amplitude and phase of microwave radiation 
reflected by said tissue back through said probe and the 
amplitude and phase of a reference signal. 

32. A method of ablating tissue carrying out the steps 
of claim 31 with microwave radiation of a first power in 
order to classify tissue and then ablating the tissue, by 
directing microwave radiation of a second power greater 
than said first power, down the same probe or another 
probe inserted into said tissue. 

33. A tissue ablation or measurement apparatus 
comprising : 

a source of microwave radiation; 

a probe for delivering said microwave radiation to 
tissue to be ablated and/or measured; 

a first pathway for conveying microwave radiation 
from said source to said probe; 

a first mixer having first and second inputs and an 
output; 

a second pathway for delivering a signal derived 
from said source to said first input of said first mixer; 
and 

a third pathway for diverting a portion of microwave 
radiation from said first pathway, said diverted 
radiation being either forward directed radiation 
travelling along said first pathway from said source to 
said probe or reflected microwave radiation reflected 
back through said probe, and delivering said diverted 
radiation or a signal derived from the. diverted radiation 
to said second input of said first mixer; 
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the output of the mixer being arranged to send a 
signal to a processor which is configured to calculate 
the amplitude and phase of said forward or reflected 
radiation diverted from said first pathway; 
5 wherein said second pathway comprises a phase locked 

loop for controlling the frequency of the signal sent to 
the first input of the first mixer on the basis of the 
frequency of the source of microwave radiation. 

10 34. A tissue ablation or measurement apparatus according 

to claim 32 wherein the second path is coupled to the 
source of microwave radiation and has a second mixer 
between the source of microwave radiation and the first 
mixer; there being a fourth path coupling the first input 

15 of the first mixer with the second input of the second 

mixer . 

35. A tissue ablation or measurement apparatus according 
to claim 32 or 33 wherein the third pathway comprises a 

20 plurality of channels each coupled to a different point 

on the first pathway or to the probe and connected to a 
switching device which is configured to direct radiation 
from only one of said channels at a time to the second 
input of the first mixer, 

25 

36. A tissue classification and ablation apparatus 
comprising a source of microwave radiation; 

a probe for delivering said microwave radiation to 
tissue to be ablated and/or measured; 
30 a first pathway for conveying microwave radiation 

from said source to said probe; 
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a first mixer having first and second inputs and an 
output for directing a signal to said processor; 

a second pathway for delivering a signal source to 
said first input of said first mixer; and said signal 
5 having a different frequency to the frequency to the 

microwave radiation delivered through the probe 

a third pathway for diverting a portion of microwave 
radiation from said first pathway, said diverted 
radiation being either forward directed radiation 
10 travelling along said first pathway from said source to 

said probe or reflected microwave radiation reflected 
back through said probe, and delivering said diverted 
radiation or a signal derived from the diverted radiation 
to said second input of said first mixer; 
15 the output of the mixer being arranged to send a 

signal to a processor which is configured to calculate 
the amplitude and phase of said forward or reflected 
radiation diverted from said first pathway; and 

a variable attenuator and/or a variable amplifier on 
20 said third pathway for attenuating or amplifying the 

reflected microwave radiation before it reaches the 
second input of said first mixer. 

37. A tissue classification and ablation apparatus 
25 according to claim 35 further comprising an amplitude 

detector for detecting the reflected signal's amplitude, 
the amplitude detector being coupled to the third pathway 
and configured to send a signal for controlling the 
variable attenuator's attenuation or the variable 
30 amplifier's gain on the basis of the detected amplitude . 
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Table D 



Measurement Set D 
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d 
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